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ABSTRACT 


The continual expansion of the areas in which uranium finds are being 
reported in sedimentary rocks makes the hypothesis that the metal was 
transported by solutions hydrothermal in origin entirely inadequate. 
Solutions, which originally by their very nature were concentrated, would 
have had to be dispersed over vast areas with exactly the opposite effect of 
that necessary to make workable deposits. Weathering and erosion of 
Precambrian granitic rocks in volumes of many thousands of cubic miles 
has occurred since Pennsylvanian time in the eight western states which 
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make up our uranium province. If we add to these granites the smaller 
amounts of volcanic tuffs, the uranium contained in these rocks staggers 
the imagination, it being at least as large as 400 million tons and probably 
several times this figure. 

Under humid conditions and without interior basins with extensive 
continental sediments the uranium would have been carried to the sea. 
But given arid or semiarid conditions, continental sediments, and a proper 
leaching agent, results would be quite different. Such leaching agents, 
which are also very common in nature, are the bicarbonates of Ca, Mg, 
and Na. They are able to form with uranium compounds which yield the 
apparently very stable U-tricarbonate ion [UOQz(COs)s]* in a solution 
saturated with COs. Because most groundwaters contain large amounts 
of CO: and these bicarbonates, they are considered powerful reagents for 
the solution of uranium as shown by experiment. They could carry the 
metal, including also vanadium, long distances through almost neutral 
environments, always along paths or “channels” of least resistance until 
reducing conditions were met when black ores would result. If instead of 
precipitation the charged solutions regained the surface, the tricarbonate 
would decompose and the uranium would be precipitated as uranyl minerals 
only to be redissolved at a later date by the same process. 

Concentration of large deposits could proceed by several stages of 
oxidation-solution-migration-accretion, a kind of “recycling” action as 
metallurgists would call it. Orogenic movements with resulting new un- 
conformities and new gradients would make more uranium available and, 
of course, add to the large number of depositional variations encountered 
in space and time. Whether deposition occurred in the Cutler, the Chinle 
or Morrison, or much later in the Wasatch or Brown’s Park formations 
would not alter the principles involved. They would work just as well for 
the uranium accumulations in the lignites of the western Dakotas as for 
those in the Todilto limestone. 


INTRODUCTION 


IF ONE were called upon to study certain types of geological phenomena in 
order to understand their workings and causes, it would be well to start with 
one of relatively young age and work backwards to the older, probably more 
obscure, ones if that should be feasible. Such a course of study is rarely pos- 
sible except where the processes under investigation are so much alike that 
there can be no doubt that they originated under the same conditions. The 
sedimentary uranium deposits seem to lend themselves to this treatment of 
study because regardless of age of the rocks, which range from at least as 
early as Cambrian to Recent, the observed geochemical and geological phe- 
nomena are of a very similar if not identical nature. In this respect the sedi- 
mentary deposits are much easier to study than the hydrothermal and Pre- 
cambrian ones which are complicated by accompanying intrusive activity and 
metamorphism of the host rocks. It is, therefore, surprising that so much 
difference of opinion exists regarding their origin. The often heated discus- 
sions center largely on the questions of whether the uranium was derived from 
hydrothermal sources or from rocks which in the course of their disintegra- 
tion and decay yielded seem'ugly insignificant amounts of uranium to the 
ground and surface waters for later concentration. The great economic and 
scientific interest in this metal has called more geologists and related talents 
into action in about six years than would have been thought possible fifteen 
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years ago. The literature on the subject has grown at an alarming rate and 
no single individual can conceivably assimilate it all. It is, therefore, with 
some misgivings that the author is going to write down his ideas on this de- 
bated subject. 


GEOCHEMICAL CONSIDERATIONS 


Before the subject of uranium concentration can be discussed, a few of the 
essential chemical properties of this element must be mentioned. 

1.) Uranium when ionized occurs in two valence states as U**, the uranous 
ion, and as UOg,**, the complex uranyl ion. The two oxygens in this complex 
are held with great strength. Without them the U** by itself would have a 
valence of six. Besides these two positive ions we might mention the uranate 
radical UO, which, for example, occurs in the mineral clarkeite. 

2) We know from observation and theoretical studies (20, 42, p. 68-132) 
that the U** ion is not very stable and on dissociation forms the highly insol- 
uble oxide UQOs, the natural uraninite or pitchblende. A pH perhaps lower 
than 4 would be required to keep the uranous U** in solution to any appreciable 
extent. Under such conditions it appears that CaCO; might become a power- 
ful precipitant of U**.. There is little evidence of such precipitation in marine 
limestones or other rocks high in CaCOg except locally where additional fac- 
tors mentioned below are met. Does this mean that uranous solutions cannot 
exist in sediments? It would be too early to answer this question for little is 
known about the influence of foreign ions in this system. 

3) The oxidation-reduction potential, Eh, for uranous ions is so low at 
pH values that may be expected in nature, that only carbonaceous matter or 
H.S could reduce uranyl solutions at temperatures below perhaps 100° C. 
It is not at all clear how vanadium ions would behave in uranous solutions. 
V* or (VO,4)= would oxidize U** and become reduced themselves to the tetra- 
valent state (19). The trivalent V** or VO* ions, on the other hand, are 
powerful reducing agents for uranyl solutions; but these ions would be ex- 
pected only where carbonaceous material exists, and there uranyl ions would 
have been reduced anyway regardless of trivalent vanadium. 

4) UO,* ions are soluble in water and form many compounds and min- 
erals with SOg, VOq", AsO,4™, CO3*, and silica. A number of hy- 
droxides are also known. Cations that enter these combinations are Ca‘, 
Mg**, Ba**, Pb**, K*, and, though very rarely, Fe**(?). Some of these min- 
erals are somewhat soluble in water and practically all of them dissolve readily 
in the common inorganic acids. The fact that the oxidized form of U is sol- 
uble is significant when one compares this behavior with that of insoluble Fe 
and Mn in the oxidized states. 

5) The most outstanding property of U ions from the geologist’s point of 
view is their great affinity for carbonaceous and other organic material pro- 
vided that the carbon has not gone too far in its fixation to chemically inert 
forms approaching graphite. Were it not for this behavior it is doubtful that 
significant concentrations of this metal would have formed in sedimentary 
rocks. It is still unknown what particular reactions are responsible for the 
ad- or absorption of uranium by these organic substances, but the fact remains 
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that it is reduced either very soon or ultimately to black uranous compounds 
like uraninite, coffinite, USiO,-nH,O, or some still undiscovered metallo- 
organic compounds. The adsorption has been shown experimentally by 
Moore (54), the writer and John Rogers in Annual Report, Part II, Atomic 
Energy Commission, 1952. This is not the only way for nature to reduce 
uranyl ions for it has been demonstrated by the writer (27, p. 12; 32, p. 28) 
that H.S preferably with the aid of some catalyst can produce the same re- 
sults. Miller (51, p. 72) has confirmed these experiments and claims that 
catalysts are not necessary. 

6) The preceding paragraphs have shown how uranium might be precipi- 
tated and what minerals could be expected. It is, however, just as important 
to know how it was transported long distances in groundwaters or perhaps 
occasionally by currents in deep, open bodies of water. That such natural 
solutions cannot be very acid or very basic is obvious and it always worried 
the writer and unquestionably all the other students of this problem that 
uranium solutions should be able to move miles, especially through calcite- 
rich rocks, without depositing their loads. The following seems to be the 
explanation. 

A property of uranyl solutions long known to chemists (see, for example, 
Noyes and Bray, Qualitative Analysis for the Rare Elements: 1927) and 
lately tried in the extraction of uranium from ores is the formation of com- 
plexed carbonate ions like [UO2(CO3)3]~* which are quite soluble in the pres- 
ence of alkali ions like Na*. Breger, Deul, and Rubinstein (3, 1955, p. 224) 
mention the subject for Na and Mg complexed carbonates. On the basis of 
this information * the writer made numerous experiments, some of which are 
still unfinished, the results of which indicate that there is a way by which 
uranium can be held in solution in groundwater. A prerequisite for such 
solutions is a pH which is not far from neutral. They must be little affected 
by the common rock constituents, and increase in hydrostatic pressure includ- 
ing partial pressure of CO must have little effect unless it be a beneficial one. 
Other metals like vanadium should also be somewhat soluble in the same solu- 
tions. The experiments were based on the idea that if there exist Mg»** and 
Nag’—[UO2(COs3)3]~* complexes, why should Ca** not be able to take the 
place of 2Na*? The bicarbonate, Ca(HCOs)2, is the most plentiful of the 
three in groundwater. 


EXPERIMENTS 
The following U-compounds were used as reagents : 


Sodium, uranyl carbonate, presumably Na,UO2(COs3)2. No formula 
given, supplied by Grand Junction Laboratory of A.E.C. This salt 
goes into solution to the extent of about 1 gram in 400 cc of H,O at 
room temperature. pH = 9.2.* Abbreviated to NaUCarb. in Table I. 

UO(OH)> (Central Scientific Co.). Used in many previous experiments. 
Practically insoluble in water, at about pH 6-7. 

2 There is also a topical report on this subject by E. D. Bullwinkel (1954) which reached 

the writer after these pages were written. It does not take up the problem from the geologist’s 


angle, nor does it deal with the solubility of U in Ca-bicarbonate solutions. 
8 A Beckman pH meter was used for all readings. 
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Na,U,0;-H2O (Kahlbaum, Berlin). The composition of this compound 
was checked previously. Very slight solubility in water. 
UO2SO, as aqueous solution, concentration = 0.10 M. 


The following V-compounds were used : 


NagVO,-16H,O (Fisher Scientific Co.). White salt, very soluble in 

V.O;, anhydrous (Fisher Scientific Co.). Slightly soluble in water. 

VOSO,:2H,0 (Fisher Scientific Co.). Soluble in water. 


Weighed amounts of the reagents were put into a 500 cc Erlenmeyer flask 
and 300 cc distilled water added. Precipitated CaCO3 which was added was 
of reagent grade. MgCOs was not so pure and contained a little colloidal 
material that settled to the bottom on standing in the flasks after the runs. 
The solutions were rubber stopped and CO, was bubbled through all but the 
first three as indicated in Table I. The flasks were shaken occasionally. 
Most of the solutions became some shade of yellow in color in a few hours to 
two days provided they contained complexed ions. All of them contained 
more than enough of Ca to have solid CaCOs left over. Where V was one 
of the constituents it was also in considerable excess of the amount necessary 
to form the well-known, common U-V insoluble minerals. At the end of an 
experiment 100 cc of clear solution was pipetted into a beaker and evaporated. 
The solute was weighed and analyzed. 

Equilibrium was probably reached in most of the experiments when the 
color of the solution became constant after several days to two weeks. In 
some which contained V and Ca it took much longer to obtain equilibrium as 
the reactions of these salts seem to be very slow especially if V is pentavalent. 
Experiments 512, 515, and 536 probably had not reached equilibrium when 
their solutions were analyzed. Duplicate experiments are under way which 
should give definitive results.* The runs that contained the VO* ion pro- 
duced different results from the pentavalent ion as may be visually inferred 
by the dark green colors of the solutions in Experiments 522 and 526. If 
these solutions are exposed to air for a number of days they change to a light 
brownish-yellowish color with quite different compositions. 

X-ray analyses of the precipitates in the flask at the end of an experiment 
rarely result in any recognizable mineral species. In all solutions through 
which CO, was bubbled, soluble bicarbonates formed and produced complexed 
ions like [UOQ2(COs3)3]~* or similar ones. Solubilities of U are appreciable 
in solutions containing Ca(HCOs)s, though the presence of V has a highly 
depressing effect. This is particularly noticeable in No. 515 when compared 
with No. 522 and No. 526 in Table I. The presence of VO* and SOg may 
make U more soluble, but it depresses the V ions. The bicarbonate is a 
buffer in all these solutions as indicated by the similarity of their pH values. 

Exp. No. 524 was tried to find out whether the tricarbonate ion could be 
expected if Ca** were introduced as CaSO,. Solubility was small though the 
addition of CaCO; to an otherwise identical solution (No. 527) produced 
large amounts of dissolved U. Exp. No. 518 shows that the solubility prod- 


*In equilibrium these new solutions contained 10 ppm or more U. 
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uct of Cag(PO,)e is so low that no bicarbonate complexes form. Solution of 
U takes place, however, if NaHCOs is added as in No. 519. 

An increase in the partial pressure of CO, should produce more bicarbon- 
ate and in turn more of the complexed U ions. This idea was tried in No. 
534, 536, 537, 541, and 542 which were experiments in steel autoclaves. The 
COz pressures in the steel bombs were not raised above 300 pounds/square 
inch (psi) because the solubility curve of Ca(HCOs). at this pressure flat- 
tens out according to Seidell (63, 1940, p. 125). Actually, Ca-bicarbonate 
is about three times as soluble at 200 psi as at a partial pressure of one at- 
mosphere. While there was an increase in solubility it was not as great as 
expected. The results in No. 516, 534, and 542, as well as No. 509 and 524 
may be compared for this purpose. 

Magnesium bicarbonate is more soluble than the corresponding calcium 
salt and U is more soluble in it as seen in Exps. 543, 544, and 547. The last 
one shows that no Cu dissolves with the U. Very significant is the fact that 
the minerals carnotite, uranophane, and autunite are soluble in Mg(HCOs). 
to an appreciable extent as shown in Table I. In Ca(HCOs3)2 and NaHCOs 
solutions solubility was practically nil, but as seen in the footnotes to Exps. 
532, 533, and 540 some U went into solution around a pH of 2.5 and remained 
dissolved when the pH was restored with NaCO; to pH = 6. Exp. 529 in- 
dicates that the addition of FeSO, makes carnotite appreciably soluble, very 
likely by its partial reducing action even at a pH of 6.5. The same explana- 
tion may apply, though with lesser force, to No. 545 in which MnSO, was 
added. The solutes were tested for fluorescence, absence of which would 


indicate that the U is chemically combined with quenching elements like Fe, 
V, or Cu. 


GEOLOGICAL OBSERVATIONS 


Work of the last five to six years by many hundreds of geologists, pros- 
pectors, and mining men has led to several important observations regarding 
the occurrence of uranium in the sediments of the Colorado Plateau and the 
vast adjacent areas in Texas, New Mexico, Arizona, Wyoming, Montana, 
and the western Dakotas, which together cover nearly 300,000 square miles. 
They are briefly summarized : 


1) Nearly all deposits found up to the present are in continental-type, 
non-marine rocks. The lacustrine Todilto limestone may be considered an 
exception by some. 

2) The deposits are commonly in relatively coarse sediments. Many of 
these show poor sorting (34, p. 5-14). With the exception of the Salt Wash 
sandstones and Todilto limestone, the arkosic and angular character of many 
beds suggests close granitic source rocks. Conglomerates and grits are com- 
mon host rocks and their structures in places suggest “channel fillings.” 

3) Rapid lithologic facies changes are prominent in occurrences regard- 
less of age of formation. The Todilto limestone may be considered an ex- 
ception, but even here carbonaceous shale partings appear in the rock. 

4) Carbonaceous matter ranging from large trees to finely divided dusty 
particles is almost universally present. Black siltstones and lignitic beds are 
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special types of carbonaceous sediments carrying uranium. In some places 
asphaltite is a common uranium-bearing pyrobitumen. The probably lacus- 
trine Todilto limestone also contains carbonaceous matter, but its nature in 
part may be that of hydrocarbons. Where the sediments have been exposed 
to oxidation, all carbon may have disappeared; and the only evidence that it 
existed is petrified plant remains. 

5) Pyrite or marcasite is always present in the unoxidized uraniferous 
beds. 

6) These sulfides on oxidation cause the rock to turn yellow, buff, or 
brown, or give it a speckled appearance. The yellow color indicates the fer- 
ric basic sulfate jarosite which is commonly present as microscopic crystals. 
Hematite-red color of the sediments in most instances signifies the presence 
of syngenetic or diagenetic iron oxide. 


Besides the six features or criteria described above that apply to the ura- 
nium province as a whole, there are others that are limited more likely to 
particular formations or systems. For example, the rocks of the Shinarump, 
Chinle, and Morrison (Salt Wash and Brushy Basin) of the Colorado Plateau 
proper contain numerous large and small lenses, blebs, and “mud pebbles” of 
mudstone and silt in and around the deposits (76). These fine-grained rocks 
are greenish gray or “blue” in the immediate vicinity of the uranium occur- 
rences but commonly reddish in the rocks away from ore. From this ob- 
servation it has been concluded that bleaching and reduction of iron have been 
factors in the formation of ores, and where this color change is absent, it is 
thought that the chances of finding uranium are poor.* The writer sum- 
marized this feature in 1953 (28, p. 34) : 


While it is well known that certain Triassic and Jurassic sediments underwent 
a change in color from red to gray, the mechanisms and reasons for this change 
are little understood because they are not the same in all instances. Where the 
change is on a regional, vast scale in silt and shales as in the Chinle, it is not pos- 
sible to make local conditions responsible. They must be regional, that is, con- 
nected with widespread primary or diagenetic environment. On the other hand, 
some of the changes are more localized and are associated with areas containing 
uranium concentration in portions of the formations. In these areas which are 
unusually high in sulfates of Ca, Al, K, and Fe*** (jarosite) it is probable that the 
groundwater solutions were high in sulfate ions. We may also attribute for the 
moment the movement of uranium to such water, though its immediate precipita- 
tion was caused by organic matter. 


Since then the experimental work described under “Experiments” above 
seems to have made the sulfate waters less important for certain aspects of 
transporting the uranium but not for the removal of the red color, unless this 
phenomenon was brought about by organic solutions or more likely by H.S. 

Study of the deposits in Wyoming and the Dakotas shows that color 
changes there are not weighty criteria. The Cretaceous Fall River and Lakota 
sandstones have little red associated with them whether they contain deposits 
or not (57). Uranium occurrences in the Tertiary (Eocene) Upper Wind 
River formation are some distance above the red siltstones that occur in the 


4 The deposits in the Lukachukai Mountains, Arizona, contain some hematitic lenses that 
seem to be syngenetic (50, 1955). 
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Lower Wind River, and grayish or whitish rocks are the rule. Many occur- 
rences are in very thick and coarse conglomerates made up of granite frag- 
ments. Deposits in the Wasatch formation of the Powder River Basin, on 
the other hand, commonly contain red sandstone and silt beds (73, 8, 64). 
The mining here is on or near the surface, and color changes may be expected 
if reducing environments are encountered at some depth. The Fort Union 
(Paleocene) formation * contains uranium in places as at Crooks Gap in South 
Central Wyoming. Association with plant remains and carbonaceous shales 
and silts is the rule in this formation though lignitic beds as in the northeast 
part of the state and the Dakotas have not been reported. 

The mineralization of the Miocene Brown’s Park formation of northwest- 
ern Colorado and southern Wyoming in some respects is different from most 
of the others. The association with white acidic tuffs and fine-grained sand- 
stone is conspicuous, and the ore rock is light gray where it is below the ox- 
idized zone. This color is chiefly caused by very finely divided pyrite. Or- 
ganic matter also finely divided seems to be present for a chemical analysis for 
organic carbon on drill core cuttings has shown 0.59% C. Coffinite seems to 
be the black ore mineral. 

Lignites of the Fort Union formation have been known to carry very small 
amounts of uranium, but only within the last two years have beds been found 
in the western Dakotas that are rich enough in the metal to be called ores pro- 
vided the thickness of overburden is not prohibitive (56). They are highly 
instructive by their very simplicity geologically speaking, and by the insight 
they give one with respect to the probable processes of accumulation of ura- 
nium. The lignitic beds may contain only a few percent carbon in places 
whereas others may be usable for low-grade fuel. Those that contain ura- 
nium are mostly thin or, at least, the economically important portions are 
only a few inches to two feet in thickness. So far it has been impossible to 
separate distinct primary uranium minerals from the lignites except in two 
instances, one mineral being uraninite, the other coffinite. The particles seem 
to be of colloidal dimensions and in some lignites may be metallo-organic 
compounds. 

As many investigators consider uranium-bearing tuffs and similar sedi- 
ments derived from pyroclastics a probable partial source of the ores, the 
areal and stratigraphic distribution of these rocks is important. They are 
probably more common than reported because those of the Triassic Shinarump 
and Chinle and the Jurassic Morrison have been largely altered to illitic mud- 
stones and silts, and their true character is not easily recognized. There is 
no doubt, however, that large portions of Chinle and even much more of the 
Brushy Basin member of the Morrison were tuffs originally. The Tertiary 
rocks exposed in Wyoming contain many tuff beds of which the Brown’s Park 
formation has been mentioned as a uranium host rock. The suggestion of 
Koeberlin (45, p. 458) that the volcanic ash on account of its metal content 
like that of copper would be easily available as a source rock is worthy for 
consideration at this point. The Wind River and Wasatch formations are 
also suspects of some beds of volcanic ash, but the largest and most widespread 


* The writer has been informed lately that this is Wasatch formation. 
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tuff beds are in the Oligocene White River and Miocene Arikaree formations 
(55). These overlie most of the older formations unconformably and leach- 
ing groundwaters could have carried uranium from them into other sediments 
either along the bedding or in places along joints as discussed by Denson, 
Bachmann and Zeller (quoted in 74), Waters and Granger (75), and Love 
(48). It is well known that volcanic ash and other pyroclastics in their early 
stages are of a texture and permeability that permit easy movement of water 
and, as a corollary, rapid leaching and alteration which should easily remove 
uranium even when present only in four to fifteen parts per million. Such 
removal probably would not be possible any more after formation of illitic and 
bentonitic rocks. 


RELEVANT TEXTURES AND STRUCTURES 


Notwithstanding tremendous efforts by scores of investigators * we have 
not yet a clear picture of the functions which the micro- and megastructures 
of the sediments had in the concentration of the ores. We know that the 
solutions must have circulated through the most permeable strata which were 
the conglomerates, grits and sandstones. These must have been poorly ce- 
mented at the time compared with their almost impervious texture in some of 
the black ores today that contain much calcite cement. Where the ores have 
been oxidized much of this cement is missing but we do not know whether it 
ever existed in these places. Much has been written about “channels,” which 
are favorite places of deposition at the base of the Shinarump and Chinle re- 
spectively (52). These cut into the much more fine-grained Moenkopi or 
other formations directly under the Shinarump (53). One reason for ore in 
paleostream channels according to Stokes (68, 69) and others is the consid- 
erable accumulations of “logs” in them as compared with the adjoining sedi- 
ments. It must be emphasized that strongest mineralization is almost always 
at the bottom or on one or the other banks of a channel and that the ores fade 
out upward in nearly all places regardless of whether “logs” are present 
higher up or not. This behavior indicates that the ore carrying medium was 
closer to the impermeable bottom beds than to layers higher up. In other 
words, the channels may not have been completely filled with ore solutions. 

Conditions are not the same in the majority of the deposits of the Salt 
Wash member of the Morrison (17, 50) for here impermeable floors are 
largely unknown though shale and silt strata are somewhere below and above 
the ores but not often in contact. The most talked about structures are “rolls,” 
a rather poorly understood feature. All observers agree that the Salt Wash 
is most favorable when the ratio of sandstone to shales (mudstones) is some- 
where near one to one. Deposits may occur in two horizons of the member 
but no one so far has suggested an acceptable reason for precipitation in a 

5 The following men are among the many who have made important contributions: G. O. 
Bachman, G. W. Bain, E. P. Beroni, W. H. Bucher, B. S. Butler, B. C. Coffin, P. H. Dodd, 
N. M. Denson, R. L. Erickson, C. G. Evensen, D. L. Everhart, W L. Finch, R. P. Fischer, 
J. W. Gabelman, A. K. Gilkey, G. B. Gott, H. C. Granger, E. W. Grutt, F. L. Hess, Y. W. 
Isachsen, P. F. Kerr, J. W. King, R. G. Lindlof, J. D. Love, J. D. Lowell, J. A. Masters, V. E. 
McKelvey, L. J. Miller, T. W. Mitcham, L. R. Page, I. Rapaport, G. A. Rasor, E. V. Rein- 


hardt, E. M. Shoemaker, W. L. Stokes, C. C. Towle, A. F. Trites, D. B. Weir, I. J. Witkind, 
H. B. Wood, R. J. Wright, D. G. Wyant, H. D. Zeller. 
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particular sandstone layer when solutions had just as good a chance to bypass 
it above or below in equally porous sandstone. Of course, carbonaceous mat- 
ter is always associated with the ore but it is also found in the barren sand- 
stones. The writer has not seen any completely unoxidized Salt Wash de- 
posits. Could there be an explanation hidden in them which is now destroyed 
in the near surface ores? 

The Jurassic Todilto limestone (probably the equivalent of the Pony Ex- 
press limestone) occurs on the north flank of the Zuni Uplift near Grants, 
New Mexico. It is thin bedded and dense (58, 59, 26, p. 4-20) and rather 
impure on account of clay “partings” that contain carbonaceous matter. The 
rock has a petroliferous odor. The jointing is prominent and it is thought by 
Bucher (5) that it was caused by the Zuni Uplift orogeny and to be intimately 
connected with the introduction of the ore. If only the distribution of the 
oxidized minerals, tyuyamunite and uranophane, is observed the impression 
that ore solutions moved along joints is easily left with the observer. But a 
study of the black ores convinces one that bedding planes are more important 
as avenues and that replacement of the calcite is an important factor in the 
introduction of uraninite. Purple and colorless fluorite is found in some 
places parallel to the bedding, but also with coarse calcite and small barite 
crystals filling vugs and other small openings. Its origin is obscure but is 
thought to be connected with volcanic activity in the Mount Taylor area al- 
though its age is not known. It may be mentioned that Todilto limestone with 
yellow ore minerals occurs in the Sanastee district, New Mexico, which is on 
the west flank of the San Juan Basin one hundred miles northwest of the 
Grants district. 

It would lead too far to take up all individual districts in the Triassic and 
Jurassic rocks. Suffice it to point out that except for the movements con- 
nected largely with the Laramide orogeny the rocks are rarely more than five 
degrees from horizontal. Intrusions like those in the La Sal Mountains have 
domed up the strata around them. As there are no Tertiary rocks found near 
these domes it has been impossible so far to fix the ages of these intrusions 
more closely but some of them may be Pliocene (50, p. 113). It is thought 
that orogenic movements of the magnitude of the Laramide happened in sev- 
eral stages extending over many million years and that the attitudes of the 
strata as seen today do not necessarily correspond to those of the period of 
ore accumulation if there was only one of these, which may be doubted. As 
pointed out by Masters (50, p. 117) and others, many ore bodies could not 
possibly have originated with the rocks in their present attitudes. It must 
always be remembered that the ore, in general, follows the bedding in almost 
all instances. Exception to this rule is the Atomic King Mine, Cane Creek, 
San Juan County, Utah (38, p. 471; 80, p. 146) where ore occurs at several 
stratigraphic levels apparently genetically tied to a steeply dipping fault. One 
other often cited example is at Temple Mountain in the San Rafael Swell 
(Keys, W. S., 1955, unpublished ; 43; 28, p. 8; 80, p. 146). Ore occurs ap- 
parently as low as in the Coconino sandstone. It has been mined from the 
Shinarump and a little has been found in the Wingate sandstone about 300 
feet above the main Shinarump horizon and probably connected through some 
fissures with it. 
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Temple Mountain in the San Rafael Swell contains one of several “mys- 
terious” collapse structures of the Colorado Plateau. This structure was ex- 
plored by drilling to a depth of about 800 feet in 1954 by the Atomic Energy 
Commission, and it is known that the vertical collapse of about 200 feet was 
caused by the removal of limestone from the Kaibab or possibly earlier forma- 
tions. Kerr (43, A.E.C. symposia 1955, 1956) believes that this collapse and 
the accompanying asphaltite ores are of hydrothermal origin because arsenic, 
galena, and sphalerite are found in somewhat unusual amounts in the brecci- 
ated rocks. It is, of course, well known that deep groundwaters in places 
may reach elevated temperatures of over 100° C even though no late igneous 
rocks can be made responsible for this increase. The writer suggests that the 
removal of the limestone masses at depth was brought about by perhaps un- 
usual accumulations of CO, under considerable pressure in the groundwaters. 
Because oil is widespread in the rocks of Temple Mountain, high pressures as 
associated with gas and oil structures may have been sufficient to produce this 
unusual though not the only collapse structure in this vicinity. Four much 
smaller ones have been mapped but not drilled. Fersmann (14a) in his de- 
scription of the uranium deposits of the Tuja-Mujun Mountains of Turkestan 
discusses such collapse breccias, which are, however, on a much smaller scale. 

A small but phenomenal concentration of uranium occurs in the “Wood- 
row Pipe.” This is near the large Jack Pile deposit about 8 miles north of 
Laguna, Valencia County, New Mexico. It is a somewhat cylindrical “pipe” 
filled with breccia of the same sedimentary rocks that surround it. Though 
only 30 to 40 feet in diameter and dipping at an angle of perhaps 45 degrees, 
it is thought to have been caused by some explosive force. As there are Plio- 
cene or later basaltic dikes and sills in this neighborhood, the heat from them 
could have produced high COs or similar gas pressures. 

The highly complicated Paradox and adjoining Salt dome structures as 
well as the Uncompahgre “element” of southwest Colorado may have had some 
influence on ore deposition in the Uravan and Gypsum Valley uranium belts 
(18, p. 6); but in spite of many competent investigators, the problem of the 
importance of these structures is still unsolved. 

Domed structures and other features of orogeny as a rule make for some- 
what concentric belts of exposed formations around the uplifts while without 
the presence of breached domes these formations might be still buried. If 
black ore deposits have a random distribution in a given formation, as has 
been mentioned by the writer previously (28, p. 36), it is self-evident that 
they should be discovered with a much higher degree of frequency where the 
formation has been exposed either by uplifts or other erosional prominent fea- 
tures. That a different interpretation can be given to this distribution is 
shown by Reinhardt (60) and Shoemaker (65, and verbal communications) 
who assume zoning of the deposits caused by hydrothermal action. This as- 
sumption would also establish the age of the intrusions and such structures 
like the San Rafael Swell, which is supposed to be caused by intrusive action, 
as a minimum of 80 million years, a figure higher than many geologists would 
admit. 

The uranium occurrences in Wyoming and adjacent areas are younger 
and structurally less involved in this respect that the paths which the solutions 
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probably took were less complicated. In the Powder River Basin near Pump- 
kin Buttes where strata are close to horizontal and many thousand feet thick, 
Love (48) proposed that uranium was leached from White River tuffs now 
eroded and that it found its way into the Wasatch sandstones and conglom- 
erates, a very plausible hypothesis for this setting. Scores of other occurrences 
in this general region can be explained in the same way. As a rule, the 
Wasatch is of great thickness and flat lying. Many of its strata are coarse 
arkosic grits now partly cement by calcite through which groundwater could 
easily circulate. Given the proper solvent power to groundwater, considerable 
quantities of uranium could be leached from the arkosic and granitic conglom- 
erate beds and tuffs and reprecipitated in local “traps” high in carbonaceous 
matter. 

The Wind River formation, probably the equivalent of the Wasatch, shows 
little disturbance where it lies between some of the famous Tertiary overthrusts 
of central Wyoming. To give details is impossible but all uranium concentra- 
tions are associated with coarse-grained granitic detritus, which include some 
of the most famous giant conglomerates described in the geologic literature. 
In places these are within sight of the Precambrian batholiths from which they 
were derived. Evidence of this denudation of the granites is striking in the 
Sweetwater Uplift and on the south flank of the Owl Creek Mountains where 
Wind River and Wasatch “overlap” the Precambrian basement and where ura- 
nium may occur at the very contact of granite and conglomerate. These flat- 
lying sediments including the Fort Union and Ferris, which are much more 
deformed, cover highly complicated Mesozoic and Paleozoic structures except 
for places that have been stripped of the Tertiary cover. Some of these 
uncovered pre-Tertiaries contain uranium but only as a shallow veneer where 
the metal which descended pari passu with the erosion of the Tertiary rocks 
was arrested in its downward travel because it abruptly found itself in an un- 
suitable environment (31, p. 7; 33, p. 5). Examples of such small deposits 
are found in the cherty beds of the Phosphoria, the Tensleep and the glau- 
conitic-dolomitic beds of the Gallatin formations. 


MINERALOGICAL OBSERVATIONS 


Thousands of mineralogical observations have been made by the Atomic 
Energy Commission and the U. S. Geological Survey, and these have been 
published in numerous reports. This information shows that al! the sedi- 
mentary deposits are very similar and may be classified into unoxidized black 
ores and oxidized yellow ores; the latter having unquestionably been derived 
from the former except perhaps in some very recent Eocene and Miocene 
occurrences pointed out to the writer by Eugene W. Grutt, where the yellow 
ores may be still “on the move,” having never been stabilized by reduction. 

Black Ores—The minerals that are the gangue of the ores are also the 
common minerals of sandstones, silts, and shales. As mentioned, arkosic and 
micaceous (muscovite) rocks are commonly the hosts regardless of geographic 
or stratigraphic position. This is so conspicuous that one is inclined to at- 
tribute considerable significance to it. Since the textures of the arkoses are 
coarse and angular, the rocks must have been porous and probably quite per- 
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meable though at present commonly well cemented by calcite where associated 
with black ore. Some of the calcite is clastic but the replacement of feldspars 
by calcite is so common a feature in some places that one is tempted to attribute 
it to solutions similar to the ore carriers. In places as in the Gas Hills Anti- 
cline, Wyoming, gypsum seems to have replaced calcite in turn (34, p. 11). 
Finely divided pyrite is the rule in the black ores, and it seems to be one of 
the later minerals judged by its crystallization. It and the U-minerals com- 
monly replace coalified wood. Only in rich ores can uraninite (pitchblende) 
be identified under the microscope. Without X-rays much of it would never 
have been found. Coffinite is in the same category as it is always associated 
with other black matter and too fine grained for the microscope (67, 34, p. 
16-24 ; 39). 

Black ores high in vanadium contain microscopic crystals of montroseite, 
VO(OH), melanovanadite, 2CaO-2V204-3V205-nH,2O, and other less well- 
defined lower valence V-minerals. The vanadium mica roscoelite occurs in 
a few well-defined beds of the Entrada sandstone directly under the Pony Ex- 
press limestone (Jurassic) and is associated locally near Rico, Colorado with 
enough uranium to be a black ore. Copper sulfides are common in only a 
few deposits and there is generally evidence that they replace organic matter 
(62). The best example is the Happy Jack Mine in White Canyon, Utah 
where these sulfides with uraninite follow the primary structures in Shinarump 
sandstones (52). 

Minute amounts of galena, sphalerite, realagar, greenockite, CdS (in one 
place), and clausthalite, PbSe, have been reported from scattered localities. 
Native arsenic has been found as nodules in asphaltitic ores (43, p. 39). The 
writer hesitates to put much emphasis on the statement that copper-silver ores 
are a common type (quoted in 49, p. 493), which apparently refers to the 
Silver Reef deposits of southwestern Utah (6, p. 593; 71). This is admit- 
tedly a strange silver occurrence and should be treated as unique. The Cashin 
Mine near Placerville in southwestern Colorado also carries silver, which, ac- 
cording to W. H. Emmons, is leached from “Red Beds” (41, p. 450). Traces 
and minor amounts of cobalt, nickel, molybdenum, selenium, and native sulfur 
are present in the black ores but not in amounts that could not be explained 
as are similar finds in lignites and other carbonaceous matter far removed from 
uranium deposits (57a, p. 332). 

Copper, next to vanadium, is the most conspicuous trace element in ura- 
nium-bearing rocks in some Plateau areas in which it occurs as sulfide, which 
later oxidizes to carbonate or sulfate. From geochemical studies (57a, p. 
226) we know that as much as 200 ppm may be present in shales. This abun- 
dance explains, of course, its wide distribution in the so-called Red Beds of 
the Southwest (47, p. 448-455) where it occurs nearly always with plant fos- 
sils, as was well summarized by J. W. Finch in 1933 (15, 23). 

An unusual substance in which uraninite has been found is asphaltite also 
called thucholite (7a) though the latter should contain thorium by definition. 
It is a complex pyrobitumen ° associated in the sediments with plant remains 
as well as with oil. Its best-known occurrences are at Temple Mountain in 


6 Abraham, H., 1945, Asphalts and Allied Substances: D. Van Nostrand Co., New York. 
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the San Rafael Swell in central Utah (36). This strange material, the con- 
stitution and origin of which are still being investigated, replaces (28, p. 16) 
masses of quartz grains of the Triassic sandstone in which it occurs. At Tem- 
ple Mountain and at some other localities in this area and in northwestern New 
Mexico, it makes a high grade ore. 

Yellow Ores—tIn many deposits there is evidence that the oxidized ores 
are in almost the same places in which the black ores were formed and that 
they grade into them. In other words, actual movement of uranium is small, 
perhaps a matter of a few feet. The yellow minerals are still closely associ- 
ated with plant remains that now may be petrified (37, and many others). 

Concentric shells of uranium and vanadium minerals surround concretion- 
ary structures and trees and commonly lenses of calcite-cemented sandstone 
and silt as if CaCOg had caused precipitation. Much of this uranium cannot 
have travelled far. More appreciable distances may have been those where 
solutions moved on and along a perched watertable that ended at an intersect- 
ing cliff where rapid evaporation of solutions caused efflorescence. A con- 
spicuous example of this sort was observed at the Happy Jack Mine. In the 
thick and coarse conglomeratic sediments of Wyoming, oxidizing solutions 
may also have moved vertically up or down until a physical or chemical bar- 
rier was encountered. 

It is obvious that the black ores were either oxidized by near surface wa- 
ters or by air directly when erosion brought the minerals into a permeable 
environment above the watertable. The decomposition of associated pyrite 
was of greatest importance because the iron sulfates by hydrolysis created acid 
conditions that may have lowered the pH to less than 3 locally. This condi- 
tion is indicated by the almost universal presence of jarosite and other iron 
and aluminum sulfates. Gysum is very common and a result of action of 
(SO,4)* on calcite. Such neutralization of acid solutions slowed up oxidation 
especially in rocks high in CaCO3. As shown by experiments (27; 28, p. 
20) and theoretical considerations (20) the pH’s may have had a range from 
2 to 5 in these places. 

Because UO.** combines with PO,4™, AsO4, SiO,-*( ?), CO3*, and 
SO¢ radicals and cations like Ca**, Mg**, Cu**, Ba**, K*, and others, the num- 
ber of possible minerals is bewildering, especially since most of them can occur 
in more than one state of hydration. The common ones are vanadates and 
silicates on account of the relative preponderance of their radicals. Phos- 
phates are next, and basic sulfates being more soluble are rare. The scarcity 
of such carbonates as rutherfordine, liebigite, and others can be explained by 
the fact as pointed out under “Geochemical Considerations” that carbonates 
in the presence of excess CO readily form soluble complexed ions. As vana- 
dium occurs in several valence states, it has added to the difficulty of the min- 
eralogical problems that now are being successfully studied by H. T. Evans, 
A. D. Weeks, and R. M. Garrels (see references). In conclusion it may be 
observed that Cu and V seem to be almost mutually exclusive in black ores. 
Also U and V do not combine in their reduced valence states but when ox- 
idized form the well-known carnotite and tyuyamunite. If V is in excess, as 
is common, other V-minerals will form. The writer, however, knows of no 
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example where these oxidized V-minerals are found associated only with 
U-minerals which contain no V. U-bearing apatite occurs as thin coatings 
around sand grains in arkosic sandstone and grit in the Gas Hills Anticline 
(R. G. Coleman, 1954, unpublished report). It is thought that it was formed 


under reducing conditions though now apparently stable in the oxidized zone 
(34, p. 14). 


SOURCES AND ORIGIN OF THE DEPOSITS 


Hydrothermal Sources.—Few subjects for discussion have been debated 
more than ‘“‘where did the uranium come from” and “how did it become con- 
centrated.”” Depending upon the background of an investigator he may think 
of the sources as strictly hydrothermal or entirely independent of magraatic 
emanations. Some students of the problem would accept both possibilities. 

It has often been claimed that rising U-bearing hydrothermal solutions 
could move through veins into overlying sediments to join circulating ground- 
waters. Under such conditions there should be evidence of some veins in the 
sediments, which is lacking. The hydrothermal solutions would have been 
chilled rapidly with resulting precipitation of most of their load. This is 
beautifully illustrated at the western margin of the Colorado Plateau near 
Marysvale, Utah, where hydrothermal uranium veins on meeting older 
permeable pyroclastics formed silicified cappings on the veins (25, p. 249). 
There is, however, no genetic connection between the Jurassic sediments of 
the Plateau and these Miocene or Pliocene rocks, which are about eleven mil- 
lion years old according to J. L. Kulp. 

Still assuming that the uranium had remained in solution as it passed into 
the sediments, it would have had to move laterally great distances for it can 
hardly be expected that hydrothermal veins are situated under or in the 
neighborhood of each of the thousands of uranium occurrences of the western 
states. The originally concentrated uranium would have been decidedly 
scattered in this process only to be reconcentrated later in certain spots. This 
is possible but is it plausible? If we consider that the black ores are entirely 
independent of the present surface topography, we must concede that only 
a small proportion of the ore bodies can possibly have been discovered and 
that most of them never will be seen by man. Is it conceivable that uranium 
emanations were so prolific over 200,000 to 300,000 square miles that they 
contributed practically all their metal to the sediments? On the other hand, 
they left the intrusive rocks around which the deposits are supposed to be 
zoned (16, 65, 60), namely the La Sals, Abajos, Carrizos, and Ute Mountains, 
virtually barren of uranium, even of other veins except insignificant ones (6, 
p. 608-632). If these U-bearing emanations joined the groundwater and 
run-off, how much reconcentration of the uranium could we expect? We are 
used to thinking in billions of tons of copper ore when we talk about the 
largest hydrothermal deposits of this metal. It would take a great many 
hydrothermal uranium deposits comparable in size to supply enough metal to 
the sedimentary rocks in order that ore bodies of the number and size known 
could be reconstituted. 


The reasoning above does not disprove a hydrothermal source for the ores 
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but is intended to show the improbability of such vast amounts originating 
from magmatic emanations during one orogenic cycle. Pitted against these 
arguments are the age determinations by Stieff, Stern, and Milkey (66) based 
on isotopic ratios of Pb to U. These have been discussed so much that it 
may suffice to state that according to them the ages of the analyzed uranium 
minerals in the Plateau area proper range from 50 to 90 iaillion years and that 
they agree more or less with age determinations of hydrothermal vein 
uraninites of the Colorado Front Range, which are near 60 million years. 
Stieff and his coworkers point out that the data suggest deep sources for the 
uranium but do not prove them conclusively. As a matter of fact, they admit 
that the uranium could have been derived from the Precambrian basement 
(AEC Symposium, Grand Junction, 1955). 

Could this perhaps mean that the uranium might have been leached out 
of the vast piles of arkosic sediments and other granitic debris derived from 
the Precambrian? It is well known that the age of a mineral refers to the 
time of crystallization or recrystallization and that it can give us a clue to the 
source of the uranium only indirectly based on the isotopic constitution of its 
own Pb and that of its environment. It is generally admitted that this prob- 
lem still awaits clarification. That this matter is of such great importance 
stems from the fact that the Triassic and Jurassic host rocks are from 180 to 
120 million years old, and that in the past some geologists including the writer 
have thought that original uranium introduction could have been syngenetic 
or nearly contemporaneous with the deposition of the rocks while later ground- 
water circulation produced the concentrations. 

Regardless of the mode of introduction of the uranium, it still required 
special factors to bring about the concentration of the widely disseminated 
metal in the just as widely scattered deposits. The age determinations for 
the Colorado Plateau seem to show that these special factors were operative 
in a time range of 90 to 50 million years ago. This span of 40 million years 
is about equal to the total time it took to form most of the Tertiary sedi- 
mentary concentrations of Wyoming and the western Dakotas. Because most 
of these deposits cannot possibly be of hydrothermal origin the indications are 
good that such a time span is more than adequate to produce large individual 
ore concentrations by ordinary groundwater leaching. 

Availability of Uranium in Igneous and Other Rocks—The average 
uranium content of igneous rocks has been determined with a fair degree of 
reliability. The figure for granite is about 4 parts per million but considerably 
higher amounts have been reported for individual masses (2; 46, p. 202). 
Acidic tuffs are if anything higher in uranium. What happens to all this 
uranium amounting to over 40,000 metric tons per cubic mile when these 
rocks disintegrate and decompose? Does the run-off carry it to the sea? 
Sea water contains on the order of one part per billion of uranium and in this 
respect resembles ordinary river water. Perhaps this was the content of all 
surface water from the beginning of time. Sediments in the ocean contain 
similar amounts of uranium as the marine sediments now on the continents, 
which means that black carbonaceous shales are relatively high in uranium and 
sandstones and limestones contain small amounts on the order of 1 to 14 ppm 
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(57a, p. 226). There is then every reason to believe that much of the U 
extracted from the more acidic rocks never reached the sea but was stopped by 
collective processes of one sort or another. This would apply even with 
much greater force where sedimentation was partly in interior basins as in 
arid regions. The types of continental sediments of the Triassic, Jurassic, and 
Tertiary with which we are concerned would suggest a large percentage of 
retention of many salts in these rocks in any event. 

There are, of course, skeptics who doubt the availability of this uranium. 
That it is easily leachable from granitic rocks has been demonstrated by 
Hurley (40, p. 5) and H. Brown et al. (4). The experiments by the writer 
described above, although not made on rocks with only a few parts of U per 
million, offer additional corroboration. The quantity of rock either granitic 
or tuffaceous that was available for leaching is enormous. There is no way 
of computing the volume of granite eroded but a crude attempt can be made to 
find the area that was affected on the basis of available maps and the sediments 
deposited since Pennsylvanian time. If one includes only one-fourth of Ari- 
zona, one-fourth of New Mexico, one-half of Utah, one-third of Colorado, and 
three-fourths of Wyoming, one obtains an area of about 210,000 square miles. 
If one conservatively assumes that in this area only a thickness of 500 feet of 
Precambrian rocks had been eroded and incorporated into the sediments in 
existence at one time or another since Pennsylvanian time, a minimum of 
21,000 cubic miles with over 800 million tons of uranium would have been 
available. If only one part in 1000 of this metal has been concentrated, 
it would have made 200 deposits of a million tons each with a tenor of 0.4 
percent uranium. Checking these figures for areal distribution one finds 
that statistically there could be one such deposit, including all the hidden 
ones, in 1050 square miles. This figure seems too large as it gives a 10,000- 
ton deposit for about every ten square miles, if a more common size of ore 
body is assumed. Of course, there has been a large loss of deposits by erosion 
in late Tertiary and Recent times. This uranium would be widely scattered 
now but could also have formed new deposits if climatic factors had been 
favorable. Just because the volcanic tiffs have not been included in the 
calculations does not mean that they are unimportant. 

Solution and Transportation—It was mentioned above that Hurley as 
well as Brown and associates was able to leach large percentages of uranium 
from granitic rocks. Experiments by the writer show that carnotite, urano- 
phane, and other oxidized minerals are slowly dissolved by H,SO, at a pH 
2.5. If such dissolved uranium were brought into contact with calcium, mag- 
nesium, or sodium bicarbonate solutions, tricarbonate ions, [UO,(CO,),]-*, 
could result. In this form uranium could be carried wherever the ground- 
water flow would take it. As far as found by experiment these ions are not 
precipitated by iron, manganese, or copper salts, but vanadium changes their 
concentration very markedly, though the VO** ion has a very different effect 
from V with a valence of five. Calcium phosphate does not affect the ions 
but soluble PO,* will precipitate all U. 

H,S will cause reduction and precipitation of a dark colloidal substance in 
any of these experiments. The fact that U and V can co-exist in solution 
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(Table I) should help to explain their geological association. Formerly it 
was thought by the writer (28, p. 51) that they would precipitate each other 
under all conditions and, therefore, it was assumed that they could not arrive 
in an ore body in the same solution or at the same time. Now, one can be 
fairly certain that they may even be dissolved together from some earlier de- 
posit carried through the same underground passages and reprecipitated to- 
gether in a new site. Progress would depend chiefly on the stability of the 
tricarbonate complex which in turn would be contingent on the concentration 
of CO, and the state of oxidation of vanadium. 

Precipitation and Reduction.—There is little doubt that on issuing at the 
earth surface the partial pressure of CO, could decrease to the point where 
most uranium would be precipitated. Little evidence exists that the deposits 
have formed by this mechanism. Criteria like carbonaceous matter, pyrite 
or pseudomorphs of pyrite, and replacement of feldspar and other minerals by 
calcite, indicate that the vast majority of the uranium concentrations formed 
under reducing conditions. Dissociation of Ca-U-tricarbonate would lead 
to precipitation of CaCO, which could explain the calcite cement in some of 
the ores. 

As previously stated carbonaceous matter, especially peat and lignite, 
directly or indirectly is the best reducing agent though it also has the func- 
tion of adsorbing the uranyl ions (54). Ordinarily hydrocarbons are not 
considered derived from coalified material and for this reason at places where 
both occur together as in the San Rafael Swell, Utah, the problem whether the 
liquid hydrocarbons by polymerization participated in the concentration of 
uranium has not yet been settled. Erickson, Myers and Horr (11, p. 2200) 
have shown that this is a probability although its relative importance is un- 
known. The best direct reductant for uranyl and vanadium solutions in na- 
ture seems to be H,S or the S* ion, which is commonly associated with decay 
of organic matter. Experimentally uraninite is the result even at room tem- 
perature (27; 32, p. 28; 51, 1954). The universal occurrence of iron sulfides 
with black ores is practically proof that these sulfide reactions are all im- 
portant. 


THE MULTIPLE MIGRATION—ACCRETION, OR MMA HYPOTHESIS 


Most of the geologists who had studied and written about the uranium- 
vanadium deposits before 1945 had accepted a syngenetic or “lateral secre- 
tion” hypothesis for the concentration of ore (Hess, Lindgren, W. H. Emmons, 
B. S. Butler, R. P. Fischer, J. W. Finch). The discovery of large deposits 
in several formations of the geologic column and definite trends to some of the 
ores as, for example, parallel to the Lisbon Anticline and Gypsum Valley, or 
on a larger scale the Uravan Belt, led many geologists to propose a hydro- 
thermal origin for the deposits. They reasoned that a concentration like 
that of the Mi Vida Mine in Lisbon Valley was too extensive for syngenetic 
deposition or ordinary groundwater processes. When deposits were dis- 
covered in such settings as Pumpkin Buttes and the Red Desert in Wyoming 
it became apparent that hydrothermal conditions were entirely lacking in 
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these areas. Therefore, the proposals by Denson, Backman, Zeller, Love, 
Waters, and others that the uranium must have been derived by leaching from 
the Oligocene White River tuffs, especially where evidence still exists that at 
one time these rocks overlay the deposits (22). This is a good working 
hypothesis anc applies not only to these Wyoming ores, but also, the writer 
believes, to those of the Miocene Brown’s Park formation and perhaps to a 
number of deposits on the Plateau proper. 

Though perfect for many lignitic concentrations the hypothesis does not 
seem directly applicable in its present form to some of the newly discovered 
ones in the Western Dakotas. The lignites in them occur at a number of 
stratigraphic horizons in the Paleocene Fort Union and there is no foretelling 
which beds carry ore. In some localities the bottom ones have the values. 
How did the solutions coming from above avoid contact with the ones be- 
tween tuffs and the bottom one and distribute the metal fairly well through 
one particular layer of the lowest bed? An individual lignitic bed may be a 
lens, perhaps 500 to 1,000 feet long, on the outcrop and perhaps 2 feet thick 
in the middle, commonly thinner. The rocks above and below commonly 
contain well-bedded silts and clays. It does not appear that solutions could 
have followed the consolidated bedding very far, for lignite is fairly im- 
permeable to water while in undisturbed layers according to Breger and Deul * 
(3). Besides, the bulk of the metal should have been caught at the place 
where the water entered from above. 

The answer that suggests itself is that in these occurrences the uranium was 
carried into the original swamp or peat bog before it was covered by other 
sediments. Drainage was from higher ground toward the bog. This ground 
might have been barren of uranium or it might have contained uranium con- 
centrations of an earlier cycle that now were undergoing oxidation and ero- 
sion. In continental types of sediments such migration processes are un- 
doubtedly common, and where organic matter acts as an efficient accumulator 
of uranium and vanadium each oxidation-solution-migration-precipitation 
cycle adds to the enrichment of the last stage of accretion. Many variations in 
the periodicity and recurrence of these events might be expected, which could 
explain why some beds are fair ore bearers and others contain little. Or why 
a bed might be rich at one end where more solution entered the bog and poor 
at the other. Some of the solutions could have originated in tuffs and 
through some breach in the overlying sediments have entered the lignite and 
enriched it locally along joints. 

The same ideas are applicable to ore formation in the majority of sedi- 
ments. Many a student of ores undoubtedly has seen oxidized uranium oc- 
currences, rich and poor, which are undergoing erosion. He probably asked 
himself “Is this stuff going to make a new deposit?” The writer was par- 
ticularly struck with this idea when he saw concentrations on the surface 
near Cameron and other places in the Painted Desert, Arizona. 

Uranium concentration according to this hypothesis could have begun 
any time under the proper, probably arid, conditions in a poorly drained 


*It has been pointed out to the writer lately that lignite contains joints through which 
water could circulate. 
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continental rock environment. The earliest stage was the extraction of the 
metal largely as Ca,UO,(CO,), from weathering granitic or tuffaceous ter- 
rain including the detrital material derived from the granites. The waters 
carrying the uranium gave it up on coming in contact with organic matter, 
H,S, or perhaps phosphates. This first accumulation was very low in tenor, 
but extensive. A second stage began when these rather trifling precipitates 
were exposed, oxidized, redissolved and carried into a new carbonaceous en- 
vironment for reduction. Each new stage gave rise to higher concentrations. 
That most Colorado Plateau deposits reached the climax in their final con- 
centration in the time span beginning with late Cretaceous and lasting through 
the Laramide orogeny is, of course, not fortuitous. This was the time of 
maximum groundwater movement and changes in relative elevation with re- 
gard to previous submergence in the Cretaceous sea. Erosion also reached 
great magnitude, which must have contributed largely to leaching and re- 
distribution. 

The possibility that heat from large Tertiary intrusives that conceivably 
may underlie structures, like the San Rafael Swell, was important in promot- 
ing groundwater circulation, is admitted. Heat of intrusions and meta- 
morphism are thought responsible for vast accumulations of carbon dioxide 
and other gases under high pressure in many parts of the world including the 
Colorado Plateau as pointed out by Dobbin (83, p. 1065). Such phenomena, 
however, are not the rule but the exception for uranium deposits. 

The very nature of the enumerated processes is responsible for a great 
number of variations in these ore bodies with regard to space and time. In 
several respects, however, they are nearly alike. They all contain organic 
material. They prefer permeable sediments with impervious bottoms. There- 
fore, the preference for “channels” filled with coarse and heterogeneous frag- 
ments as seen in the Chinle and Shinarump, and to a lesser degree in the 
Morrison formation. Similar relations exist in the ore bodies of the Wasatch, 
Wind River, and Fort Union formations of Wyoming except that the deposits 
found to date are not so large. Could the reasons be that because they are 
younger they have gone through fewer cycles of erosion and precipitation, or 
that carbonaceous matter is less abundant? 

In order to be acceptable this hypothesis must also explain the presence 
of relatively unusual amounts of Cu, As, Mo, Co, and Pb in the deposits. 
These elements, as compilations by Rankama and Sahama (57a, p. 226 and 
332) show, also accumulate in carbonaceous sediments in large amounts 
resembling in this respect uranium closely (29). Just as this metal they will 
be subject to the same vicissitudes accompanying their concentration. A 
comprehensive summary on trace elements in sediments by Krauskopf (82), 
which has just been published, gives much additional information. 
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A DEFINITION OF COAL? 


JAMES M. SCHOPF 


Many of the statements commonly accepted as definitions of coal are either 
so general that they are of little technical value, or else they consist of descrip- 
tions, explanations, or illustrations that are not applicable generally. A 
definition should be applicable to all subjects included and nothing else; it 
should state essential attributes; it should refer to the category to which the 
subject belongs and it should differentiate the subject defined from others 
within the same category. ‘A few of the many current definitions of coal will 
illustrate these points. 

One of the definitions most commonly quoted or paraphrased is that of 
Stopes and Wheeler (9) which reads as follows: “Ordinary coal is a com- 
pact, stratified mass of ‘mummified’ plants (which have in part suffered 
arrested decay to varying degrees of completeness), free of all save a very low 
percentage of other matter.” Fay’s (4) Glossary of the Mining and Mineral 
Industry quotes the following definition given in 1914 by Sanford and Stone: 
“Coal. A carbonaceous substance formed from the remains of vegetation by 
partial decomposition.” Stutzer and Noé (10) preface the first chapter of 
“Geology of Coal,” on definition, with the statement “Coal is a combustible 
rock which had its origin in the accumulation and partial decomposition of 
vegetation.” Although the importance and difficulty of definition are empha- 
sized by their discussion, they do not attempt to solve the problem. A recent 
definition by Arkell and Tomkeieff (1, p. 26) states: “Coal. A solid car- 
bonaceous rock, usually black, consisting essentially of altered plant remains.” 
They note that the word is of Old English derivation and that “mineral coal” 
has been recorded in the modern sense since the 14th century. Tomkeieff 
(11) later gave a different version worded as follows: “Coal. A stratified 
carbonaceous rock formed through the accumulation of vegetable debris, 
together with the products of their decay of varying degrees of completeness, 
and the whole subjected to a certain amount of metamorphism conditioned by 
moderate pressure and moderate heat.” He continues further to qualify 
this definition from structural and chemical points of view, to contrast the 
occurrence of coal and bitumen and to indicate the differences of rank and 
type in coal classification. Without going into a detailed analysis of past 
individual definitions, it is apparent that an adequate definition of coal has 
presented numerous difficulties. 

This paper presents a new definition of coal that may have advantages for 
modern technical use. Relatively simple phraseology has been used, but 
there are many essential distinctions to be expressed. The necessary distinc- 
tions and their implications will be discussed first because these must serve as 
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a means of determining whether the language of this definition, or that of any 
other definition of coal, is most appropriate. 


THE PROPER CATEGORY 


Part of the difficulty in defining coal has been that of selecting the category 
to which it properly belongs. Coal is clearly neither vegetable nor mineral 
but has attributes of both. A genetic definition must stress its vegetable 
origin and reference to the plant kingdom. On the other hand, its mode of 
occurrence has more in common with the mineral kingdom. Here a point of 
past conflict with principles of definition can be avoided. It has been cus- 
tomary to define rocks in terms of their mineral composition, but it is equally 
true that rocks are natural components of the earth’s solid crust, having per- 
sistent geologic properties. On this basis coal is properly referred to the 
category of objects known as rocks. 


BASIS OF DIFFERENTIATION 


A double basis of distinction, at least, seems necessary in order to dif- 
ferentiate coal from other kinds of rocks. Coal is distinguished from less 
carbonaceous varieties of rock on the basis of purity. Coal also must be 
distinguished from asphaltic rocks, which are also highly carbonaceous. The 
distinction based on purity must be arbitrary because the range of variation 
is continuous. The distinction from asphaltic rocks must be based largely on 
origin. In many instances this distinction is clear, but in other instances 
the origin of the carbonaceous material is obscure. A definition may be 
phrased to include only the rocks classed as coal, but no definition will solve 
the problem of differentiating coal from asphaltic rocks when origin of the 
carbonaceous materials is equivocal. Fortunately, problems of this nature 
are infrequent. 

Plant remains like those comprising peaty deposits are the materials 
from which coal is formed, but the distinction between coal and peat also is 
imperceptibly gradational. The most obvious difference between peat and 
low rank coal is that coal has a lower moisture content due to compaction. 
Eventually an arbitrary distinction between peat and coal will be necessary, 
but the relationships appear to be generally understood and now they do not 
seem to involve a serious difficulty. 

Graphitic rocks present a similar problem in relation to coal that has been 
most extremely metamorphosed. Determination of carbonaceous material 
showing evidence of origin from plant substances is a critical, but often 
difficult, basis for distinction. 

The degree of alteration of plant materials in coal, differentiating them 
from raw plant products, also is difficult to define. The general statement 
that should now be implied in any definition is that modes of alteration of 
plant products and composition of the plant components in coal are extremely 
diverse. Petrologic studies of the last thirty-odd years have established this 
essential point. These studies fully illustrate the error inherent in general 
application of a more explicit statement that suggests any single agency was 
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responsible for the organic changes. The different processes affecting altera- 
tion of plant materials in coal have been discussed in greater detail in a 
previous paper (8). 


STANDARDS OF PURITY 


The most difficult decision required for an adequate definition of coal 
involves the arbitrary distinction that must be made with regard to purity. 
This topic must be discussed more fully for that reason. 

Some authors have adopted the view that theoretically all mineral matter 
in coal can be considered as extraneous. Obviously some of the mineral 
matter is inherent and, even if this were not so, a definition constructed on 
such an extreme premise would have little technical value. For purposes of 
technical definition some mineral constituents must be regarded as a part 
of coal. 

The purity of coal is generally expressed conveniently in weight percent of 
ash. Ash, as such, does not exist in coal but is derived from incineration of 
mineral constituents. Mineral content is, therefore, the more satisfactory 
basis for making a technical distinction. If only minor amounts of mineral 
matter are present, the amount can be determined with sufficient accuracy by 
empirical extrapolation from ash determination figures (6). The correction 
formulae diminish in accuracy, however, as the amount of mineral matter 
increases. Depending on particular accuracy requirements, one may question 
the value of ash correction formulae when mineral matter exceeds about 20 
percent. A more direct method of mineral determination is preferable if 
accuracy is required for analysis of impure coal (3, 5). Standards of ac- 
curacy still are difficult to establish whenever coal has a high mineral content 
because of the varying proportions of different kinds of minerals. 

It is most important in this connection clearly to distinguish between coal, 
as a broad class of rocks, and coal that can be classed as an article of com- 
merce. The specification of coal for commercial uses often involves a much 
more limited amount of permissible impurity than we are now concerned 
with ; it also involves availability and other qualities of competitive nature at 
a given location. The definition of commercial coal obviously does not con- 
cern us in phrasing a general definition. We are concerned with the broader 
differentiation of rocks, technically classed as varieties of coal, from others 
that should be properly regarded as varieties of coaly or carbonaceous shale 
or other mineral-dominated rock. 

In some localities carbonaceous rocks that contain more than 50 percent 
mineral matter (by weight) may be a source of fuel but, because the essential 
qualities of coal are inherent in the organic material, it seems improper that 
any rock should be technically regarded as coal if less than half its weight is 
carbonaceous. Usually authors concerned with particular occurrences of coal 
have excluded deposits having a lower mineral or ash content than this. 
Ashley (2, p. 11), for example, indicated that he would consider as coal 
material having less than 33 percent ash. Ashley was concerned with oc- 
currences of cannel coal in which the mineral content is relatively high. An 
ash content of 33 percent would imply a mineral content in the neighborhood 
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of 40 or 45 percent. There is little question that in most instances, when 
an economic relationship is implied, present interest would be limited to coal 
having a mineral content much lower than 40 percent, perhaps lower than 20 
percent. However, economic relationships necessarily are fluctuating and, 
for purposes of technical definition, I believe that carbonaceous rocks with a 
mineral content less than 50 percent by weight can be classed as coal. In 
any given commercial area, coal having more than the maximum of impurities 
permitted by economic considerations (up to a content of 50 percent mineral 
matter) can be regarded as an impure variety. If these impure varieties are 
considered to be coal, one of the difficulties in systematic study of coal and 
related, less carbonaceous, rocks will have been simplified. 

The problem of impurity in coal is further complicated by the contrasting 
density of mineral and organic constituents. Carbonaceous matter varies 
from a specific gravity of about 1.03 to 1.55 in different organic components 
of various ranks of coal. Clay minerals in coal may average about 2.3 specific 
gravity although this varies, being mostly dependent on the state of hydra- 
tion. Pyrites have an average specific gravity of about 5.0. Other minerals, 
generally present in lesser amounts, have differing densities, but all are 
notably heavier than the organic components. Thus, very different volumes 
of organic matter could be included in coal, according to occurrence of minerals 
of different density, if only gravimetric values were considered in the definition 
of coal. 

Volumetric relationships are important for any application where the 
appearance of coal is involved because, under comparable conditions for 
observation, the volume of mineral matter is roughly proportional to its area 
on exposed surfaces. Thus the geologic and petrologic description of coal, 
and the common “appreciation” of coal quality, is more closely related to the 
apparent mineral content than it is to the gravimetric determination of ash. 
Gravimetric determinations of ash are of greatest value in technologic applica- 
tions where this data is usually obtained and when it can easily be converted 
to approximate gravimetric values for mineral matter. Thus it seems reason- 
able that a criterion for purity should strike a balance between both weight 
and volume for the most suitable application in a technical definition. 

The chart shown in Figure 1 was drawn up initially as a basis for testing 
the relationships of volume against the relationships of weight discussed on a 
previous page. The curves have been drawn to illustrate average maximum 
and minimum specific gravities of organic matter in relation to the average 
maximum and minimum specific gravities of the common minerals in coal. 
The curves thus outline theoretical extremes and include between them nearly 
all the various possible admixtures and weight and volume combinations of 
mineral and organic materials in carbonaceous rocks. 

If a line be drawn across the chart at the 50 percent level by weight, it 
crosses a range of from about 60 to 80 percent organic matter by volume 
(corresponding with 20-40 percent by volume of mineral matter). For pur- 
poses of definition this range seems excessive and, in addition, the mineral 
representation is too large, on the 2.3 specific gravity side, for most practical 
considerations. It would seem appropriate to limit the 50 percent range of 
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gravimetric values by use of a volumetric standard. If the volumetric limit 
were placed along the line indicating 70 percent carbonaceous content (30 
percent by volume mineral) it would have the advantage of intersecting the 
50 percent gravimetric range about midway. According to this criterion the 
arbitrary definition of coal on the basis of purity can be stated as including less 
than 50 percent mineral matter by weight, and more than 70 percent car- 
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bonaceous matter by volume. Along this arbitrary boundary line the maxi- 
mum range in mineral matter by weight would be from 40 to 50 percent; the 
maximum range of carbonaceous material in volume would be from 70 to 80 
percent. These ranges do not seem excessive in view of the nature of the 
problem. 

Trial may be necessary to determine whether the “50-70” purity criterion 
is the most convenient and suitable boundary between coal and noncoal for 
technical use. Rocks excluded by this boundary should be classed as varieties 
of coaly shale or, with lesser carbonaceous content, as carbonaceous shale. 
Certainly coaly shale will differ only slightly from rocks classed as shaly 
(or other) types of impure coal on the other side of the boundary. In spite 
of this, the approach to the dividing line may not be so close in most instances 
that it becomes a source of practical difficulty; practical requirements often 
will be served if it is known that a rock type is close to the boundary. Most 
of the early definitions of coal do not seem to offer as definite a solution. 

In the determination of weight and volume of carbonaceous material in coal 
or carbonaceous rock, the moisture content probably can be disregarded as 
long as the relationships are established on a common basis. Analyses on the 
“moisture free” basis probably are the most suitable for making weight and 
volume determinations. 


ESSENTIAL ATTRIBUTES 


The combustible properties and carbonaceous composition of coal are its 
most characteristic features and should be included in an adequate definition. 
The demonstrable origin of the carbonaceous substances in coal from plant 
materials and plant products is instructive and also important. Much of this 
importance, however, relates to characteristics of its geologic occurrence and 
alteration rather than to any special attributes of the contributing plants. 
Extremely diverse organic materials in coal may be derived from the same 
kinds of plant tissue. For purposes of definition the demonstrable plant origin 
of organic matter in coal serves as a most convenient basis for distinguishing 
coal from asphaltic and certain kinds of graphitic rocks. Although coal de- 
posits are most characteristic of nonmarine sedimentary environments, coal 
may be formed in marine deposits. The origin of coal from plant materials 
and requirements of purity are much more essential attributes for purposes of 
technical definition than marine or nonmarine facies, or allochthonous or 
autochthonous modes of deposition. 

In the foregoing discussion it is assumed that sample lots or hand speci- 
mens of coal or coaly material are being considered, because most practical 
problems concern such materials. So far as a general definition of coal is 
concerned, however, the size of sample is irrelevant. It will be recognized 
that the same specimen can be described and identified in terms of its bulk 
characteristics, or it can be microscopically dissected and described in terms of 
an assemblage of more precisely determined elements. Coaly shale neces- 
sarily contains microscopic streaks of coal. The diversely preserved organic 
materials that are characteristic of coal may all be regarded as coal, regardless 
of their occurrence. This would apply whether they are dispersed in a 
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mineral matrix or associated with other diversely altered plant materials within 
a coal bed. However, their recognition as coal components would not ex- 
clude concurrent identification under a different heading. For example, one 
of the normal components of coal beds, spore coats, may occur dispersed in a 
mineral sediment. Their identification as “spore coats,” however, is gen- 
erally more meaningful, and hence much more appropriate, than their more 
approximate identification simply as a component of coal. Nevertheless, the 
latter designation could also be regarded as technically correct. The ap- 
propriateness of a definition is tested by its ability to apply satisfactorily in a 
variety of circumstances. 


DEFINITION 


Coal is a readily combustible rock containing more than 50 percent by 
weight and more than 70 percent by volume of carbonaceous material, formed 
from compaction or induration of variously altered plant remains similar to 
those of peaty deposits. Differences in the kinds of plant materials (type), 
in degree of metamorphism (rank), and range of impurity (grade), are char- 
acteristic of the varieties of coal. 


U. S. SuRvEY, 
CoLtumsus, Ox10 
May 16, 1956 
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The Mary Kathleen uranium deposit was discovered by prospectors in 
July, 1954, and extensive exploration activities since carried out have in- 
dicated sufficient reserves to warrant its projection as a mine. The in- 
vestigations, which have been carried out, have led to the discovery of the 
additional deposits. 

The mineralization is epigenetic and related to granitic intrusion. The 
minerals consist of uraninite, rare-earth silicates and sulfide minerals oc- 
curring in a garnetized zone in a group of calc-silicate rocks of Lower 
Proterozoic age. The deposit is regarded as a replacement of high tem- 
perature origin, and it can be classed as a pyrometasomatic deposit. The 
deposit appears to be unique in being the first pyrometasomatic one where 
uraninite constitutes the chief economic mineral. 

The paper presents only a preliminary account of the geology and type 
of mineralization in the Mary Kathleen area, and it can be expected that 
more detailed papers describing different sections of the investigations will 
be prepared later. 


GENERAL 


Tue Mary Kathleen deposit is situated in North-Western Queensland, ap- 
proximately halfway between Mount Isa and Cloncurry at a position ap- 
proximately 140° 00’ 29” east longitude and 20° 46’ 59” south latitude. 

The deposit is reached by a road branching off to the south from the main 
Mount Isa-Cloncurry road at a point 41 miles east of Mt. Isa. 

The average annual rainfall for the area is 17 inches, and the wettest period 
is between the summer months November to March, when 90 percent of the 
rainfall occurs. 

HISTORY 


The Mary Kathleen deposit was discovered by prospectors of the Walton- 
McConachy Syndicate at the beginning of July, 1954, and their application for 
a lease was lodged with the Mining Registrar, Cloncurry, on July 7, 1954. 


1 Paper published with permission of Rio Tinto Mining Co. of Australia Pty. Ltd. 
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The prospectors originally found boulders of radioactive rock in a creek 
draining away from a hill on which the deposit occurs, and then tracked them 
back to their source. 

Following the discovery, there was much competitive bidding by mining 
companies for an option over the area pegged by the prospectors, and the bid 
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Fic. 1. Locality map showing position Mary Kathleen deposit. 


of Australasian Oil Exploration Ltd. was eventually accepted. Rio Tinto 
Group obtained a controlling interest in the area about the end of February, 
1955, and extensive exploration activities have since been carried out. The 
exploration program has involved regional and detailed geological mapping, 
radiometric prospecting, extensive diamond drilling, costeaning, underground 
prospect mining, petrological and mineralogical investigations and ore treat- 
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ment tests. The results from work completed to date have been sufficiently 
encouraging for the deposit to be projected as a mine. 


GENERAL GEOLOGY 


The Mary Kathleen deposit is situated on the western, overturned limb 
of a synclinal fold in Precambrian meta-sediments, which have been faulted 
and intruded by granite, and acid and basic dikes. The sequence consists 
predominantly of interbedded quartzites, impure crystalline limestones, silice- 
ous granulites and calcareous granulites with some interbedded basic volcanics 
and sills, and is assigned to the Corella Beds * of Lower Proterozoic Age. 

The Corella Beds in the vicinity of the Mary Kathleen deposit can be 
coveniently sub-divided stratigraphically into the following three broad units: 


1. The top unit, consisting of interbedded quartzites and siliceous granulites. 
2. The central unit, underlying the top unit and consisting of a sequence 
of more calcareous rocks, which however are in part siliceous. The 
unit consists chiefly of interbedded calcareous granulites and impure 
crystalline limestones with some bands of siliceous granulite and mica 
schists. One bed of breccia-conglomerate has been recognized in the 
sequence, and also one bed containing concentric and conical structures 
believed to be of organic origin. There is also a restricted occurrence 
of scapolitized diorite and other basic intrusives in the unit possibly re- 
lated to the igneous activity in the basal unit. This unit has so far 
proved the most important economically. 
. The basal unit consists predominantly of stressed basic rocks, probably 


originally flows and sills, with interbedded granulites and quartzites. 
The unit has been altered and partly assimilated by granite. 


The calc-silicate rocks present in the Mary Kathleen area are well de- 
veloped in the Corella Beds throughout the district Scapolitisation (1) of the 
rocks previously recognized elsewhere in the Cloncurry district is again present 
in the Mary Kathleen area. Diopside, scapolite, epidote, garnet and apatite 
are common constituents in the granulites of the area. 

The Corella Beds are bounded both to the east and west by a granitic 
complex, consisting of massive, pink to grey, medium to coarse grained and 
porphyritic, granite, granitic gneiss and large roof pendants of partly digested 
(granitized) meta-sediments. Contrary to previous ideas, the authors con- 
sider that all the granite in the area belongs to the same period of intrusion, 
and the different varieties can possibly be referred to different levels within 
an irregular batholith exposed at the present erosion surface. 

Quartz veins, and normal potash-rich quartz felspar porphyry apophyses 
with associated dikes and sills, considered to be derived from the granite, are 
present in the area. 

Garnetization has been an important process in the area, and this is dealt 
with more fully in later sections of this report. It is not yet known whether 
the garnetization proceeded or post-dated the quartz felspar porphyry in- 


2 Name formally adopted by the Commonwealth Bureau of Mineral Resources. 
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trusives. Dolerite dikes, which are younger in age than the granite, are also 
present in the area. 


GEOLOGICAL STRUCTURE 


Both regional and local folding and faulting of the Corella Beds has oc- 
curred in Precambrian times. Shearing and jointing of the rocks is also well 
developed. 

The Mary Kathleen syncline is folded regionally on an approximate north- 
south axis and the axial plane is overturned to the east. As a result, there 


Fic. 5. General view of the Mary Kathleen area from the South. Mining 
camp in foreground. 

Fic. 6. View of western slope of hill on which Mary Kathleen deposit occurs. 
The bulldozing done in connection with drilling operations and costeaning is well 
shown. 

Fic. 7. View showing dyke-like nature of garnet replacement, in cross joints. 
Garnet “dyke” in front of Landrover. 

Fic. 8. View of outcrop of replacement breccia north of main ore body. 
Granulite fragments in garnet matrix. 


has been a steepening in dip, and a thinning, of the sequence on the western 
limb of the structure. Fairly broad drag folding of beds occurs within the 
structure, and the more incompetent beds also exhibit internal folding. A 
study of the dragfolds has indicated that minor reversals in pitch occur within 
the major structure. 

The Mary Kathleen deposit is located on the western limb, and towards 
the northern end, of the regional synclinal structure. 
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Regional faulting in three main directions, namely, north-easterly, north- 
erly and north-westerly, has been recognized in the area. One of the major 
north-easterly trending faults, the Valley Fault, passes through the area 
about 144 miles north of the Mary Kathleen deposit, and the relative horizontal 
displacement is of the order of 114 miles, the north side having been displaced 
to the north-east, while the relative vertical movement may be north block 
upwards. The displacement of the granite boundary suggests that the latest 
movements on this fault are post-granite in age, and the occurrence of a 
younger dolerite dike in a sub-parallel fault tends to support this contention. 

The north-easterly trending system of faults appears to have been the 
main one, while the northerly trending system of “feather faults” appears to 
be complementary. 

The west north-westerly system is also well developed in the area, and is 
closely related to garnet metasomatism and mineralization. The so-called 
“garnetiferous dykes” occur in fractures of this system (fig. 7). 

Shearing and jointing parallel to the three systems of faulting occurs 
throughout the area, and in addition there is a flat system of joints, which 
appears to have had an important influence on mineralization. 


THE DEPOSIT 


The deposit occurs on the western limb of the Mary Kathleen syncline 
near the eastern margin of the central (more calcareous) unit of the Corella 
Beds. 

Mineralization has occurred in a “mushroom-shaped” garnetized zone 
between two north-north-westerly trending shears, probably related to the 
northerly trending system of faulting. The garnetization is considered to 
have occurred chiefly by replacement within the central unit, along a zone 
close to the junction between the breccia-conglomerate formation to the east, 
and an impure crystalline limestone formation to the west. It is thought 
that this junction could possibly represent an unconformity. 

Garnetization has been intense in the vicinity of the main ore body, and it 
is practically impossible to recognize the nature of the replaced country rocks. 
Some evidence as to their original nature can be obtained however, about 700 
feet north of the main ore body, where the replacement process has been less 
complete. In a creek at this locality (Fig. 8), outcrops occur, which show 
angular fragments of granulite of variable size set in a garnet matrix. It is 
fairly obvious in this area that replacement by garnet has taken place along 
the joint system, and later expanded away from it. This process has re- 
sulted in the formation of a replacement-breccia. Garnet replacement has 
probably also extended into the adjoining sedimentary breccia-conglomerate 
to the east, but outcrops are obscured in the critical area3. 

It is thought that the well jointed granulite and the breccia-conglomerate 
have been the rocks most favorable to garnet replacement, and their distribu- 
tion has been one of the factors limiting its extent. Before garnetization, 
these rocks originally occurred in the ore zone, but garnetization is now gen- 
erally too advanced there for them to be recognized. Diopside, which is a 
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common constituent in the granulites, is, however, a common gangue mineral 
in the ore itself. 

The garnetization follows bedding faithfully in some places, but in others 
it is transgressive and follows cross shears and joints. 

As will be described in the section on mineralization, uranium mineraliza- 
tion is closely connected with the areas of garnetization, not only at the Mary 
Kathleen Deposit, but also at outlying prospects in the area. 

The deposit is regarded as a replacement one of high temperature origin 
occurring in a calc-silicate environment and it falls into the class of pyro- 
metasomatic deposits as defined by Lindgren (3) and described by Knopf (2). 

The deposit is of particular interest as it appears to be the first pyro- 
metasomatic one of its type, where uraninite constitutes the chief economic 
mineral. 


MINERALIZATION AND ITS CONTROL 


The mineralization is regarded as epigenetic, the mineralizing solutions 
being a late stage emanation from the granitic magma. 

Deposition has actually occurred within a belt of garnetized diopside- 
granulite. 

The main orebody can be described as a large boat-shaped mass, within 
which the mineralization occurs as a network of irregular bands that are 
controlled by a complicated joint pattern. There is strong evidence that a flat 
westerly-dipping system of joints is a major controlling influence. 

Typical ore consists of a dark brown to black allanite (orthite)—trich rock 
partially or completely replacing reddish-brown, garnet-diopside granulite 
containing apatite and other accessory minerals. The uranium occurs in the 
form of minute, scattered, discrete grains of uraninite intimately associated 
with the allanite (orthite) and in a few places with sulfides, particularly 
pyrrhotite, and also with rare earth minerals, such as stillwellite (4), caryo- 
cerite, and rinkite. 

Apart from widely distributed and disseminated sufides such as pyrite, 
pyrrhotite, and chalcopyrite, some irregular localised bodies of massive 
sulfides occur, but they constitute only a very small proportion of the ore 
body. Molybdenite and galena have also been noted in the ore body, but 
these sulfides are of rare occurrence. Laboratory investigations have also 
determined that minor quantities of nickel occur in some of the pyrrhotite, 
and traces of cobalt are associated with some of the pyrite. 

Oxidation is strong to a depth of about 50 feet from the surface and in 
this zone the uraninite is extensively altered to gummite, uranophane, and 
beta-uranotil, and some of the secondary minerals have migrated to fill frac- 
tures in the ore. 

Semi-oxidized ore occurs below this surface layer and continues to a 
depth of about 120 feet. In this zone microscopic haloes of the secondary 
uranium minerals occur around the uraninite particles, but in other respects 
the ore appears to be primary, since fresh sulfide minerals can be seen 
megascopically, and other constituent minerals are unaltered. 
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Below 120 feet from the surface the uraninite is unaltered, but has primary 
haloes of amorphous silica, fluorite, apatite, calcite, pyrite or arrojadite. 

Laboratory investigations indicate that at least 96 percent of the uraninite 
occurs as discrete grains and very little, if any, is present in the crystal lattice 
of the allanite or other rare-earth minerals. 

Chemical check assays against radiometric assays and samples taken at 
regular intervals throughout the ore body have shown a constant uranium to 
thorium ratio of 5:1, and, furthermore, that equilibrium conditions occur 
throughout, even in the oxidized zone. 

As has been previously described, uranium mineralization is localized in 
areas of garnetization. The garnet consists chiefly of almandite with lesser 
quantities of andradite, and these two minerals have crystallized prior to the 
uranite. There is abundant evidence of uraninite replacing andradite, but 
almandite never contains much uraninite. The preference of uraninite for 
andradite is most obvious when the two garnets occur in association. 

Allanite (orthite) has also been noted crystallizing at many centers in 
andradite, but also replaces almandite. 

Some allanite (orthite) has been redistributed in association with earlier 
calcite as idiomorphic crystals in allanite-calcite veins, which penetrate the 
allanite-granulite. Uraninite is not associated with this allanite, however. 

Investigations as to the age of sulphide mineralization are not yet con- 
clusive, but present evidence suggests that there is, at least, two ages. Both 
generations of sulfides are younger than uranium mineralization, but one is 
intimately associated with it. 

Selective replacement of rocks by microcline or albite has occurred, partly 
before scapolitization and to a lesser extent after garnetization. The post- 
garnet felspathization could possibly be intimately related to the mineralizing 
solutions. 

From field and laboratory investigations, it appears that garnetization 
closely followed by mineralization could be the youngest metasomatic proc- 
esses associated with the granitic intrusion of the area. The younger period 
of igneous activity that introduced the post-granite dolerite dikes is con- 
sidered to post-date uranium mineralization. 

From available evidence, the control of uranium mineralization appears to 
be governed by several factors, the more important ones being: 


(a) favorable host rocks, 
(b) structure, 
(c) garnetization. 


Favorable Host Rocks.—The most favorable environment for both garnet- 
ization and mineralization appears to be the calc-silicate rocks of the central 
unit of the Corella Beds interbedded within which is a bed of sedimentary 
breccia-conglomerate. 

Structure.—Faulting, shearing, and jointing developed during the period 
of regional folding, or even later, have provided access for the emanations 
from the granite magma bringing about garnet replacement (chiefly almandite) 
of the favorable beds. The entry of mineralizing solutions closely followed 
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the period of garnetization along much the same channels. The presence of 
the so-called garnet dikes, tailing off to the west, along the west-north-westerly 
system of joints, strongly suggest that garnetization and mineralization pro- 
ceeded from depth in a general east to west direction. On encountering the 
overturned western limb of the Mary Kathleen cyncline the emanations re- 
sponsible for garnet metasomatism and mineralization entered a structural 
trap between two north-north-westerly trending shears, and it is here that the 
large “mushroom shaped” area of intense garnet replacement developed, and 
the main ore body was formed. As has been previously pointed out, there is 
possibly an unconformity in this area, and this could also have had a struc- 
tural bearing on ore deposition. 

Garnetization.—Uranium mineralization is localized within areas of garnet- 
ization, and these processes appear to be closely related in time. There has 
obviously been selective replacement in the sequence during garnetization and 
this is well illustrated by the “saw-tooth” off shoots of garnetization de- 
veloped in some beds along the west-north-westerly trending garnet “dikes.” 
Shearing and jointing after garnet metasomatism formed favorable openings 
for the entry of the mineralizing solutions. The garnets associated with the 
period of garnet metasomatism are chiefly almandite and andradite. The 
andradite, which is the most important garnet with relation to mineralization, 
may be partly of metamorphic origin. Andradite is commonly replaced by 
uraninite and uraninite-bearing allanite (orthite), in preference to replace- 
ment of almandite by these minerals. Various stages of replacement of 
andradite by uraninite are seen in the ore, and the “ovoids” of uraninite, which 
have been recognized may represent completely replaced andradite. 

The three major controls mentioned above were made use of during re- 
gional prospecting investigations and have resulted in discovery of uranium 
prospects outside the main leases. The radioactive anomalies on the “Rita” 
group of leases, about 214 miles south-east of the Mary Kathleen deposit, 
where prospecting operations are at present in progress, are an example. 
The mineralization here is similar to that in the main ore body. 

The “Elaine Dorothy” prospect at the southern end of the Mary Kathleen 
syncline is also a similar type. 

As described in the previous sections of this report, the Mary Kathleen 
deposit is recognized as one of pyrometasomatic origin, and consequently 
apart from further opportunities for surface prospecting, there is considerable 
scope for underground exploration in search of additional ore bodies. 
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ABSTRACT 


Unsorted sands containing little gravel and much disseminated kaolin 
constitute the Upper Cretaceous section from central Georgia at least to 
central South Carolina. Lenses of relatively pure kaolin occur largely in 
two areas. The series rests unconformably on crystalline rocks. A gentle 
unconformity separates the Cretaceous beds from overlying Tertiary beds, 
and both have been dissected by erosion that began in the Pliocene. Yel- 
low iron-oxide stains and a little bauxite have been formed in the kaolin 
lenses during this long period of weathering. 

The Cretaceous sediments were derived from the crystalline rocks by 
vigorous erosion on a youthful surface, and accumulated in coalescing 
deltas of coarse feldspathic sands. Most of the iron in the source rocks 
was taken into solution at the source in mildly acid ground and surface 
waters, and was removed to the sea. 

Kaolinite was formed by decomposition of the detrital feldspar in ex- 
posed parts of the deltas, and, through low-gradient erosion of the sands, 
collected in ponds formed as cut-off segments of the distributaries. Soft 
kaolin was precipitated slowly in fresh acidic water. Wave erosion 
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breached some ponds, admitting sea water in which kaolin was coagulated 
rapidly and is harder. The pyrite in such kaolin was probably formed 
through the reduction of sulfates, with soluble iron available. As these 
processes operated, the sea advanced truncating the series by wave-base 
erosion. 


LOCATION OF THE DEPOSITS 


SEDIMENTARY kaolin deposits that have been of increasing economic im- 
portance for the past 50 years occur along the “fall line” from western Georgia 


SAVANNAH 


Fic. 1. Outline map showing location of the Cretaceous kaolin belt (diagonal 
ruling). Deposits are relatively numerous and of larger average size in two areas 


(black). 


to central South Carolina (Fig. 1). They are contained in the oldest of the 
outcropping Coastal Plain sediments, which thin out north-westward to 
extinction along the “fall line.” Abrupt change of gradient along this line, 
where streams flow from tie crystalline rocks of the Piedmont Plateau onto 
the sediments of the Coastal Plain, is marked by falls and rapids that limit 
navigation on the larger rivers. 

Sporadic deposits of kaolin are known throughout the belt, but in two 
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parts of it they are relatively numerous (Fig. 1). One of these local areas 
is in central Georgia, east of Macon. The other overlaps the state line, but 
its most productive part is in South Carolina, southwest of Aiken. 


MINING AND PRODUCTION 


The kaolin is mined from open pits by dragline, power shovel, and pan. 
Overburden exceptionally more than 100 feet thick is stripped with the same 
equipment. The shale planer has been used to a limited extent in mining but 
not in stripping. Transportation of crude kaolin to refining plants is ac- 
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Fic. 2. Chart showing kaolin production of Georgia during the period 1932-1953. 


complished with trucks, slurry pipe lines, and tram line. Another recent 
innovation is the removal of both overburden and kaolin from the pit by belt 
conveyor. Mining reserves and waste-disposal sites are outlined precisely 
with the use of core drills (13). 

The production of kaolin from the two states has been published through 
1953, but it appears likely that the overall output through 1955 is at least 
27,000,000 tons with a value of at least $285,000,000. 

Comparable data for the 22-year period 1932-1953 are shown in Figures 
2 and 3. Georgia produced about 3,000,000 tons prior to this period, but the 
earlier production from South Carolina has not been traced, and is probably 
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small. The charts show that an acceleration of price in relation to tonnage 
began in 1946 in Georgia, and in 1947 in South Carolina. This feature is 
the result of technologic improvements in refining in response to market needs, 
and, in turn, it supports continued improvements as well as expanded ex- 
ploration to assure future supplies. 


GEOLOGIC RELATIONS 


The Cretaceous Sediments—A wedge-like series of unconsolidated sand, 
variably kaolinitic, micaceous, and cross-bedded, contains the kaolin deposits 
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Fic. 3. Chart showing kaolin production of South Carolina 
during the period 1932-1953. 


of commercial grade. The thickness of this series ranges from zero at the 
“fall line” to 500 feet or more along the southeastern edge of the kaolin belt 
(Fig. 1), and increases southeastward beneath a cover of Tertiary beds. The 
kaolin deposits occur as lenses, particularly in the two areas indicated in 
Figure 1, but collectively they make up only a small part of the series. 

The sandy beds of this series, particularly those that are cross-bedded, 
show an abundance of minor disconformities. The sand is mostly coarse 
and sub-angular to angular. Sharp particles of quartz up to 0.8 inch in 
length are known. Feldspar particles of equal size, and kaolin pseudomorphs 
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after feldspar, also occur in some beds. Rounded gravel is very scarce and 
of small size, the maximum dimension rarely exceeding one inch. 

This series reflects rapid deposition without sorting of the clastic mate- 
rial according to size or density. All previous workers have classed it as 
Cretaceous. Stratigraphic terms that have been used include Potomac by 
Ladd (15), Tuscaloosa by Veatch (27), and Middendorf by Cooke (5) and 
Smith (23), mostly with assignment to the Upper Cretaceous. This is still 
the correlation, under the name Tuscaloosa formation as defined by Cooke 
(6,7). 

According to this definition, however, the Tuscaloosa is merely the lower- 
most of the Upper Cretaceous formations of southeastern United States, 
whereas the series that contains the kaolin deposits may have a wider strati- 
graphic range. In separate investigations, Eargle (9) and Herrick (10) 
have concluded that the series may be equivalent to more, or even all, of the 
Upper Cretaceous formations of Alabama. LeGrand (17), however, has 
found no basis for dividing it in eastern Georgia. Recognizing the possi- 
bility of wider correlation, he believes that the series should be restricted to 
the Tuscaloosa until contrary evidence is found. Similarly, in the course of 
exploratory drilling in east-central Georgia, the writer has found no basis for 
division. The kaolin lenses have no preferred stratigraphic position within 
the series. 

The Underlying Crystalline Rocks —The Piedmont erosion surface slopes 
southeastward about 80 feet per mile (9, 16) beneath the Cretaceous series. 
This surface is a weakly rejuvenated peneplain that has been eroded to a 
secondary stage of maturity northwest of the “fall line,” but probably has 
lower relief beneath the protecting Coastal Plain sediments. Where the 
Piedmont rocks are exposed adjacent to the “fall line,” they include granite, 
quartz monzonite, diorite, gabbroic rocks, and a wide variety of felsic and 
mafic schists, gneisses, and pyroclastics. These older rocks are cut by dikes 
of Triassic diabase. Applin (2) has shown that similar rocks probably 
underlie the Cretaceous beds within the known limits of the kaolin belt, but 
that the basement of the Coastal Plain formations consists of Paleozoic rocks 
in southernmost Georgia and northern Florida. 

The Overlying Eocene Rocks.—Tertiary formations overlie the Upper 
Cretaceous series except near the “fall line” where, in most places, erosion has 
stripped them away and has also removed part of the Cretaceous beds. Thus, 
the Tertiary beds have been eroded in most if not all of the active mining 
area near Aiken, South Carolina, leaving the Cretaceous beds exposed and 
partly dissected. In the central Georgia mining area, however, Tertiary 
beds remain above the Cretaceous in the higher ridges even as far north as 
the “fall line,” but have been removed in the broad areas cf lower relief. 
Southeastward (down dip) the lowland exposures of the Cretaceous are pro- 
gressively narrower as only the deeper valleys have been cut through the 
Tertiary beds. 

The two series are separated by a gently undulatory unconformity that 
truncates the Cretaceous beds at a very low angle, and is essentially parallel 
with those of the Tertiary. Warren and Thompson (28, 24, 25) have shown 
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the areal distribution of the two series, and their maps indicate that the un- 
conformity between them has a southeastward slope of 11 to 15 feet per mile. 

The Tertiary beds overlying the Cretaceous are well exposed in mines of 
the central Georgia area, and have been explored by drilling in many ridge 
areas remote from the mines. The beds are of Jackson (Upper Eocene) age, 
and constitute the Barnwell formation. MacNeil (18) has shown that beds 
of Paleocene, Wilcox, and Claiborne ages, which occur between the Cretaceous 
and the Jackson elsewhere in the Southeast, are not present in Georgia east 
of the Ocmulgee valley (south of Macon) with the exception of thin Claiborne 
beds south of Augusta. Eastward, these beds assume greater thickness and 
prominence in South Carolina (6), where Cooke and MacNeil (8) report 
four Claiborne units that appear to be present adjacent to the kaolin belt, as 
well as Wilcox beds. 

Mining and exploratory drilling have shown that the Barnwell in central 
Georgia consists of two fairly uniform units. The lower is the Twiggs clay 
member, which is 80 to 115 feet thick and consists of fullers earth containing 
limestone beds that are most prominent near the base, as shown in Figure 4. 
The lowermost bed is very sandy and commonly about four feet thick, and 
is leached to loose sand along the outcrops. These limestone beds are highly 
fossiliferous, and represent an interfingering of the Ocala limestone from the 
southwest. A dorsal vertebra of the “zeuglodon” Basilosaurus cetoides, 
identified by Remington Kellogg, was found by the writer in 1951 in these 
beds at Rich Hill in Crawford County, 20 miles southwest of Macon. 

The upper member of the Barnwell is the Irwinton sand, an almost pure 
sand at least 50 feet thick (16) containing a few random thin beds of fullers 
earth. Where least weathered, the sand is weakly indurated. LaMoreaux 
(16) described a residual deposit of coarse red sand 20 feet thick overlying 
the Irwinton sand, and regarded it as possibly a third member of the Barnwell. 
It appears, however, that this deposit is a part of the colluvial mantle of later 
origin described in the following section. 

Post-Eocene History.—Oligocene and Miocene sediments were deposited 
in the region southeast of the entire kaolin belt, but in fewer formations than 
are known in Alabama. In parts of the belt in Georgia, these sediments occur 
above the Jackson beds in close proximity to the Cretaceous (6, 7, 16, 18), 
and the present surface of relatively high relief has been developed on all of 
these formations. It cannot be inferred, therefore, that Oligocene and Miocene 
units that are lacking represent erosion periods related to the land forms of 
today. 

Development of the present surface began in the Pliocene, contemporane- 
ously with the leaching and erosion of the Tertiary rocks farther south (6). 
The process probably continued through the Pleistocene, as suggested by 
Toulmin (26), intermittently arrested in the principal valleys by successive 
flooding that resulted from the fluctuations of sea level associated with glacia- 
tion. Early in this succession, according to Cooke (6, 7), the flooding reached 
a maximum of 270 feet above present sea level. Sediment that was de- 
posited in the Pleistocene estuaries, the present major valleys, was mostly re- 
moved by incision of the stream courses during the later and successively 
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lower stages. Remnants may remain buried, however, under the modern 
alluvium and humus of the swamps. 

The only product of the weathering and erosion of the Tertiary sediments 
that occurs generally throughout the kaolin belt is a surficial mantle of sand 
that is mostly compact and stained deep red by ferric iron, locally containing 
fragments of limonite. In mine walls, this material may be traced laterally 
into fullers earth of the Twiggs clay, the transition being characterized by red- 
and-white mottling and an increasing prominence of bedded remnants of the 
fullers earth. The solution of limestone and disseminated calcite and the 
removal of colloidal clay have promoted collapse, concentration of coarse 
constituents, and strong oxidation. 

This red colluvial mantle is probably the “Barnwell sand” of older reports, 
but it is surficial without respect to the stratigraphy of the older formations. 
The mantle extends up the slopes and across the divides, lapping over the 
Irwinton sand that overlies the Twiggs clay; and consequently it includes 
materials residual from the Irwinton and possibly from Oligocene and Miocene 
beds that have been eroded away. Some of this colluvial material has migrated 
down slope to parts of the Upper Cretaceous exposed during Pliocene erosion. 
There it was mixed with sands and masses of kaolin contemporaneously eroded 
from the Cretaceous beds, and the mixture filled minor depressions newly 
developed on the surface of the Cretaceous. These fillings, which in places 
are cross-bedded, have been mistaken for “channel sands” of primary origin, 
but, if the filling occurred in Pliocene time, its age could give the product a 
deceptively primary appearance. 


THE KAOLIN DEPOSITS 


Stratigraphic Occurrence.—The exposure, by erosion of the Eocene beds, 
of kaolin lenses truncated by the unconformity above the Cretaceous led to 
the early impression that the kaolin deposits only occur in this position (Fig. 
4). Strangely, this impression persists to the present time (9) despite the 
fact that exploratory core drilling in recent years, in places to depths 150 feet 
below the level of the unconformity, has found no vertical limit for the oc- 
currence of the deposits. It is not uncommon in a single drill hole to penetrate 
two or more kaolin lenses in the Cretaceous sands, a feature also evident in 
records of water wells given by LaMoreaux (16). These were rarely kept 
by geologists, but, without the need for interpretation, they show that kaolin 
deposits occur to a depth of at least 175 feet below the unconformity. With 
an interpretation of terms, these logs indicate that deposits occur at random to 
the base of the Cretaceous. 

Knowledge of the random vertical succession of kaolin lenses is bringing 
prospecting and mining to deeper parts of the Cretaceous, particularly in 
broad areas where the Tertiary and part of the Cretaceous have been removed 
by erosion. Today, as shown in Figure 5, mining reaches deposits at any 
economic stripping depth, whether the overburden is Tertiary, Cretaceous, or 
both. Consequently, the deposits must be described as in, not on, the Cretace- 
ous beds. 
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Fic. 4. Cretaceous kaolin directly overlain by interbedded limestone and 
fullers earth of the Tertiary Twiggs clay member of the Barnwell formation. 

Fic. 5. Top of Cretaceous kaolin lens (K) beneath 30 feet of Cretaceous sand 
(S) overlain by red sandy residuum of the Tertiary Twiggs clay (T). White 
deposit on the surface is a mine dump. 


Structure and Texture.—The kaolin deposits are generally lenticular, but 
rarely symmetrical, and non-uniform thickness is fairly common. In plan, 
the lenses are mostly elongate and curved or sinuous, although no preferred 
orientation is evident to date. In major dimension, they range from a few 
feet to perhaps a mile, but uniform quality is rarely found throughout a lens. 
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Vertical thickness ranges from inches to about 50 feet, and many of the mined 
deposits have averaged about 20 feet. Contacts with the enclosing sands are 
mostly gradational, but a few are sharp. 

In natural particle size, very little of the kaolin ranges above 10 microns, 
and in the greater part of most deposits it is predominantly less than 2 
microns. The texture is reflected in the toughness of air-dried raw kaolin. 
That having the finest average size cannot be pulverized in the hand, and is 
commonly termed “hard.” That having the coarsest average size can be 
easily pulverized in the hand, and is commonly termed “soft.” The wide 
range of intermediate toughness and particle size is classed as “semi-hard.” 
By its texture, a bed may reflect nonuniform particle size of the kaolin, and 
some deposits consist of two beds, one “soft” and the other “hard” with a 
plane of contact between them. Otherwise, there is no sharp stratification 
within the kaolin lenses. 

The kaolin is therefore massive, but within the zone of weathering ground 
water has ready access along vertical joints most strongly developed near 
outcrops. The joints have formed during erosion of the present surface of 
relatively high relief. The resulting sharp changes in thickness of over- 
lying beds within short distances, in effect, has caused the kaolin to expand 
toward minimum load. 

Mineral and Chemical Composition —Many of the kaolin deposits contain 
detrital sand and mica in quantity too great for refining, and even the purest 
contain them in small amount. Extremely fine-grained heavy minerals are 
also present, but only rutile and possibly other titanium minerals occur in 
objectionable quantity. These detrital minerals are collectively termed grit 
in refining, and its amount is commonly determined as residue after washing 
the kaolin through a 325-mesh screen. For efficient milling, a dry-ground 
kaolin should contain less than three percent grit in the crude, but much 
larger amounts may be tolerated in wet refining. With the exception of the 
grit, the kaolin consists almost entirely of kaolinite, although traces of mont- 
morillonite are found in some deposits. 

Published chemical analyses of raw kaolin show unexpected variations, 
owing to different proportions of the detrital minerals in microscopic sizes. 
Most of them fall within the following ranges (12, 14) : 


Ign. loss 13 to 14 percent 
SiO, 44 to 48 percent 
35 percent 

percent 

percent 

percent 

percent 

percent 

percent 

percent 


It will be noted that iron oxide is extremely low in relation to TiO,. It is 
also significant that the Cretaceous sands that enclose the kaolin lenses are 
deficient in iron-bearing minerals, a feature that must be considered in relation 
to the source of these sediments. 
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Occurrence of Pyrite——Nodules of pyrite are present in some of the de- 
posits, but are largely restricted to “hard” kaolin, and are most abundant in 
the inner parts of the lenses. The nodules range in size from scarcely visible 
pellets to masses large enough to jolt a heavy truck-mounted drill. Deposits 
that contain the nodules in unusual abundance have a bluish cast derived also 
from the sulfide, which is disseminated in the kaolin as a pigment. A brown 
carbonaceous discoloration is commonly present as a halo around a pyrite 
nodule or group of nodules. In some deposits of very “hard” kaolin, the 
nodules are attached or arranged in close sequence forming somewhat sinuous 
and approximately vertical linear groups. 

Color in Relation to Physiography.—Three coloring agents are unevenly 
present in the kaolin. One of these, the pyrite described above, is certainly 
of syngenetic origin as it is oxidized in proportion to the extent of weathering 
of the kaolin. The second, yellow to brown ferric hydroxide, is certainly 
epigenetic as it is derived from the pyrite by near-surface oxidation. The 
origin of the third, red ferric oxide, is less evident as it occurs without re- 
striction as to depth. It probably is not syngenetic as previously suggested 
by this writer (13), but appears more likely to be an epigenetic derivative from 
deeply circulating ground water, which, even now, is known to precipitate a 
similar oxide (16). 

Bluish-tinted pyrite-bearing kaolin under thick cover invariably grades 
into whiter kaolin with random yellow stains in the direction of thin cover. 
The yellow stains are rare and scanty where the protecting cover is as much 
as 50 feet thick, are confined mostly to the upper part of the kaolin lens where 
the cover averages 25 feet thick, and occur throughout the lens where the 
cover thins to a few feet or has been eroded away. The bleaching or brighten- 
ing of the unstained kaolin has resulted from the leaching of the disseminated 
pyrite that imparted a bluish-gray tint before weathering. It follows that 
deposits of lower brightness may constitute the reserve of the distant future, 
when the naturally brightened deposits are exhausted. 

Content and Origin of Bauxite——A little bauxite occurs in a few of the 
kaolin deposits, probably in less than five percent of them. Beck (3) re- 
ports that drilling on 22 properties in 1942 failed to disclose any deposits of 
commercial value. Where it has been found in core drilling, the bauxite oc- 
curs invariably in the interior of kaolin lenses, and is rarely as much as five 
feet thick. It is found within the reach of ground water, and is mostly white, 
although some is mottled brick-red and green. The bauxite, therefore, ap- 
pears to be related to chemical weathering, but not to subaerial erosion, al- 
though a few deposits are exposed where kaolin lenses containing them are 
partly eroded. In view of the scarcity of the bauxite, its origin is not es- 
sential to that of the kaolin deposits, but its occurrence and relations suggest 
the following process, as previously outlined (13). 

Unweathered kaolin deposits containing important amounts of pyrite are 
as scarce as weathered deposits containing bauxite. It is believed, therefore, 
that kaolin lenses now containing bauxite were unusually rich in pyrite prior 
to access by ground water. After passage downward through humus in the 
soil and through limestone beds of the Twiggs clay, the ground water con- 
tained abundant calcium bicarbonate but relatively little oxygen. The oxygen 
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was consumed by oxidation of the pyrite, forming sulfuric acid and ferrous 
sulfate, the latter combining with carbon dioxide to yield ferrous bicarbonate. 
Owing to the deficiency of oxygen, the bicarbonate moved in solution (20) 
toward surface drainage depositing ferric hydroxide in the thinner aerated 
beds near the outcrops on the ridge slopes. 

The sulfuric acid attacked the immediately adjacent kaolin, where the 
concentration of the acid was strongest, forming aluminum sulfate and freeing 
silica. The amount of the acid was controlled by the limited amount of the 
pyrite, whereas the infiltration of the mildly alkaline ground water continued 
after all of the aluminum sulfate had been formed. Under this condition (20), 
the sulfate was converted to aluminum hydroxide, which was precipitated, 
and to calcium sulfate, which remained in solution and was removed in the 
ground water. Owing to the alkalinity, the silica also remained in solution, 
and was similarly removed by drainage toward the outcrops. ‘ 


ORIGIN OF THE KAOLIN DEPOSITS 


Anomalous Related Features —1. Over a great area, the Cretaceous series 
has the characteristics of rapid deposition in a littoral or deltaic environment. 
Although the vast extent and amount of this material would require a changing 
sea level for inward or outward shifting of deposition, there are no marine 
beds at the base to suggest a retreating sea, and no progressive upward in- 
crease in classification of sediment to definitely establish an advancing sea. 


2. Kaolin deposits of economic purity are numerous only in the two areas 
shown in Figure 1, but otherwise the Cretaceous series is nearly uniform in 
lithology and structure for at least 175 miles along the strike, and for an 
unknown distance down dip beyond its exposed part. 

3. Lenses of essentially pure kaolinite in coarse-grained cross-bedded 
sands present an association of sediment reflecting almost perfect depositional 
classification with sediment reflecting almost none. 

4. Very sharp grains of sand up to a quarter of an inch in diameter occur 
separately embedded in otherwise homogeneous kaolin. 

5. The same general source and environment have yielded beds of both 
“soft” and “hard” kaolin, which differ markedly in texture and utility. 

6. Pyrite seems largely confined to a few deposits of “hard” kaolin, but 
these deposits have no special environmental features. 

7. Ferromagnesian silicates and iron sulfides and oxides are common in 
the region from which the sediments were derived, but iron-bearing minerals 
are very scarce in the Cretaceous sand, and the kaolin contains no syngenetic 
iron compounds except the pyrite. 


Source of the Cretaceous Sediment.—It is obvious that erosion of the 
crystalline rocks to the northwest furnished the sediment in the Cretaceous 
series of the kaolin belt. Critical attention to physiographic and climatic con- 
ditions that might have attended the process has been given by two previous 
workers, and their ideas have been cited and re-expressed by many others. 

These ideas, developed by Veatch (27) and Neumann (19), are based on 
an assumed pre-Cretaceous Piedmont surface at least as strongly weathered as 
that of today. It was inferred that an early Cretaceous uplift sharply in- 
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creased the stream gradients, resulting in erosion that removed the mineral 
products of surficial rotting. Both workers directed their efforts principally 
toward explaining the scarcity of iron-bearing minerals and pigments in the 
sediments. Each assumed that the kaolinite was formed at the source, prior 
to erosion, but neither explained how it could be deposited with the coarse 
sediment in an environment of stream currents. It was inferred that the de- 
velopment of such a land surface had occupied all of geologic time from the 
Cambrian to the Cretaceous. 

It is now known that the region was geologically active during much of 
this time. Evidence is found in extensive occurrences of buried Paleozoic and 
probably Triassic rocks in northern Florida and adjacent Alabama and Georgia 
(2), and in great thicknesses of buried Lower Cretaceous and probably Jurassic 
beds in the coastal regions from North Carolina around the Florida peninsula 
into the Gulf Coast (2, 21, 26). Thus, any weathering of crystalline rocks of 
genetic importance to the Upper Cretaceous series could have occurred only 
briefly between Lower and Upper Cretaceous times. 

Derivation of the Sediment.—There is no certain evidence that the source 
rocks of the Cretaceous sediments were thoroughly rotted. Such a terrane 
would not be expected to furnish the widespread angular feldspar in the 
Cretaceous beds, ranging from fine sand to pebbles nearly an inch long. The 
feldspar ranges from fresh through various stages of decomposition to pseudo- 
morphs of kaolinite, but the pseudomorphs show clearly by their form and 
fragility that they have been derived from feldspar that was first deposited as 
clastic particles. Further, the homogeneity of the Cretaceous beds is evidence 
against derivation of the sediment from the type of surface usually associated 
with deep weathering. Such a surface should have well-developed drainage, 
with few and widely separated major rivers draining into the sea. Deltaic 
sediments might be expected near their mouths, but not along the entire coast 
without intervening change of facies. 

The evidence favors vigorous erosion on a youthful surface, with sediment 
being transported directly to the ocean by numerous streams, immediately 
after rock disintegration and before thorough leaching. Supergene iron oxide 
could have been formed only superficially in the outcrops owing to rapid 
erosion. Normal vegetative cover could provide humus whose oxidation or 
decomposition would reduce ferric iron at the rock surface to soluble ferrous 
form (4, 20). To infer unusual amounts of humus is unnecessary, as the 
amphiboles and pyroxenes contain iron mostly in ferrous form. 

The carbon dioxide formed by oxidation of the humus would maintain a 
slightly acidic pH in the ground and surface water, holding the ferrous com- 
pounds in solution. The work of Huber and Garrels (11) and of Alexandrov 
(1) has shown that such a condition may serve to continuously or seasonally 
remove iron in solution during weathering ; and it would be retained in solu- 
tion until precipitated by mixing of the mildly acid river waters with the 
alkaline water of the sea, whose surface layer is normally saturated with 
carbonates (4). 

As most of the iron-bearing minerals weather rapidly, this selective removal 
of iron in solution would account for the scarcity of its primary and secondary 
compounds in the Cretaceous sediments. The selective decomposition of 
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mafic rocks before erosion may have formed clay minerals of the mont- 
morillonite group, which are normal weathering products of the ferrous 
silicate minerals (22). Clay minerals thus formed were carried seaward 
beyond the depositional range of the coarser sediment, as currents that would 
deposit the sands would retain clay in suspension. The more abundant felsic 
rocks were less susceptible to rapid leaching, and their disintegration con- 
tinuously furnished detrital feldspar as well as quartz and mica. 

Deposition of the Kaolin——The vast accumulation of coalescing delta de- 
posits was built above sea level, as in major deltas known today, and chemical 
weathering attacked the feldspar of the exposed sands. The process was aided 
by minor erosional redistribution of the sands, and by rotting grasses whose 
presence is shown by thin lignite beds found above, below, and within a few 
of the kaolin lenses. 

The erosion of the exposed sands was facilitated by the total lack of indura- 
tion, and was gentle owing to the absence of appreciable gradient on the delta 
surface. The newly formed kaolinite was thereby separated from the coarser 
sediment, and was transported toward points of lowest elevation. 

Such points, owing to the shifting of overloaded distributaries, contained 
cut-off stream segments as fresh-water ponds having irregular and commonly 
curved forms. These ponds received the inwash of suspended kaolinite. 
During times of heaviest rainfall and strong wind action, detrital sand, mica, 
and scarcer fine-grained heavy minerals were carried in. The two areas 
that contain relatively numerous deposits (Fig. 1) must have contained par- 
ticularly strong distributaries, and therefore they may reflect the discharge 
areas of the stronger streams. 

The ponds contained river water and surface runoff, and hence the water 
was fresh and mildly acid. This permitted slow settling of kaolinite, with the 
development of platy aggregates of comparatively large size—the “soft” 
kaolin. During times of storm at high tide, the sea undoubtedly breached 
the sands around some of the ponds. Alkaline sea water flushed out the fresh 
water, and newly inwashed kaolinite thereafter coagulated and settled rapidly, 
forming the dense “hard” kaolin. The pyrite in such kaolin may have been 
formed by the reduction of sea-water sulfates through decomposition of marine 
organisms, in the presence of soluble iron contained in the surface drainage 
furnishing the kaolinite. Thus, changes in pond environments were subject 
to the alternating influences of shifting stream channels and wave erosion, re- 
sulting in such unsystematic differences among the deposits as are known 
today. 

As kaolin accumulated in the ponds, sand was washed from the margin 
into and over the edge of each deposit forming gradational and interfingering 
contacts. This lateral encroachment of the sands tended to complete the lens- 
like form of the deposits. The kaolin-filled ponds were covered by continuing 
sedimentation as delta building migrated northwestward by gradual subsidence 
of the source area. Thus, deposition continuously maintained the summit of 
the Cretaceous sediment above sea level, and subsidence continuously per- 
mitted the outer part of this loose material to be planed at wave base. The 
resulting truncated surface remained submerged until the Tertiary beds were 
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deposited, as is evidenced by the absence of pre-Pliocene oxidation effects at 
the unconformity. 
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NOTES ON THE ORIGIN OF THE RHODESIAN COPPER 
DEPOSITS: ISOTOPE COMPOSITION OF THE SULFIDES 


ALAN M. BATEMAN AND M. L. JENSEN 


ABSTRACT 


There are bedded ore deposits for which both epigenetic and syn- 
genetic origins have been advanced. The authors initiated a research 
program to study the relative abundances of the stable isotopes of sulfur 
in the sulfides of such deposits, in the hope that the results might throw 
light on their origin. The Rhodesian Copper Belt deposits were selected 
for the first study. Both an epigenetic and a syngenetic origin have been 
advanced for these deposits and field evidence has been cited as support 
for one or the other of these quite different theories of ore genesis. 

The results of this initial study, based solely on the S**/S** ratios, are 
not conclusive in that one may postulate both a hydrothermal epigenetic 
and a biogenic syngenetic origin (provided that the sulfur in the Rho- 
desian sulfides is considered to be derived from HS), since the S**/S*4 
ratios fall within the range of those known to date for hydrothermal, 
magmatic and pegmatitic sulfides, and also come within part of the range 
established so far for HyS of biogénic origin. 

Some sulfides from nearby Katanga and other Rhodesian deposits were 
run for comparison. The results give some support for the theory of an 
epigenetic origin for the Kipushi (Katanga) deposit, and a suggestion that 
the Luisha deposit (Katanga) is also of an epigenetic origin. The Mes- 
sina digenite ratios fall close to meteoric sulfur. It should be borne in 
mind, however, that field and microscopic evidence should be weighed 
along with isotope evidence. 

This study also brings out that more investigation is needed of the 
sulfur isotope ratios of sulfides from deposits of unquestioned sedimentary 
origin, which is now being carried on as a continuation of this preliminary 
investigation. 


Since the appearance of the earlier papers by Bancroft and Pelletier (1), 
Gray and Parker (14), Gray and Sharpstone (15), Bateman (2, 3), Gray 
(12, 13), Sharpstone (22), Davidson (5), Jackson (16) and Douglas (8), 
all of which advocated an epigenetic origin for the ores of the Rhodesian 
Copper Belt, there have appeared lately advocates of a syngenetic origin, 
formerly advanced by Schneiderhéhn (21). Thus, Garlick (9) suggested a 
syngenetic origin with zonal precipitation of copper minerals by bacterial 
action with sulfate near the shore line. A similar origin, following Garlick, 
has been developed by Davis (7) for the Roan Antelope mine. Brummer 
(4) published a nearly parallel paper to that of Davis, also on the Roan 
Antelope mine, but developed Garlick’s zonal concept further than did Davis. 
Each considered that the sulfides were deposited syngenetically by bacterial 
action and they explained the cross-cutting relation of the rock minerals by the 
sulfides, and the fact that the “chalcocite” is digenite of the high temperature 
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Fic. 1. Ratios of S*?/S** of some sulfur compounds, consolidated from Kulp, 
Ault and Feely’s (17) Figures 1 and 2 (two determinations from Ivigtut, Green- 
land excluded from hydrothermal sulfides). Short vertical lines indicate the ratios 
and height of lines represents number of determinations. Central vertical line 
represents the ratio for meteoric sulfur. 
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Fic. 2. Ratios of S**/S** of copper sulfides from the Northern Rhodesian 


Copper Belt, and from nearby Katanga, Sable Antelope, and Messina. Compare 
with Figure 1, same scale as Figure 1. 
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type, to reconstitution of the sulfides during metamorphism of the sediments. 
The metamorphism, by the way, is of rather low rank. The shales were con- 
verted to hard argillites and the feldspathic sandstones to quartzites. 

Those who have advanced theories of an epigenetic origin have been 
puzzled and somewhat baffled by the nearly uniform metallization over 
distances of miles, and confined to such narrow thickness of beds with a 
generally sharp cut-off of ore both above and below. These features, along 
with the zoning, have been the chief stimuli to the redevelopment of the syn- 
genetic theory. A further stimulus to a reconsideration of the syngenetic 
theory was the finding, during later mine development, that the earlier ideas 
of granite intruding the ore beds had been mistaken, and Anton Gray (per- 
sonal communication) and Garlick and Brummer (11) found that the granites 
are older than the ore beds, and therefore could not have supplied the ore 
solutions. The epigeneticists were faced with the difficulty of pointing to a 
known source for the hydrothermal solutions—a difficulty also faced in the 
case of the zinc-lead ores of the Mississippi Valley region, the Missouri lead 
deposits, the Tennessee zinc deposits, the Kennecott chalcocite deposits, and 
many others of suggested hydrothermal origin. The lack of a known source 
of the hydrothermal solutions has not been a great deterrent, however, to the 
acceptance of an epigenetic hydrothermal origin of these deposits. With the 
syngenetic theory there is also difficulty in accounting for the source of the 
millions of tons of copper metal and its concentration in the ore beds. Any 
new information that might throw light on this problem would be of interest. 


NEWER DATA ON THE NORTHERN RHODESIAN SULFIDES 


Early in 1953 the authors initiated a program of studying the nature of 
the sulfides, through their stable isotopes, of several of the bedded types of 
ore deposits whose origin was in controversy. Although the program suf- 
fered delay it is now well under way.' 

It has been shown by Thode and co-workers (18, 19, 23, 24, 25, 26) and 
by Kulp, Ault and Feely (17) in studies of the relative abundances of sulfur 
isotopes of native sulfur, sulfates, and sulfides, that there is an appreciable 
variation, as much as 10 percent, in the S**/S® ratios of these substances. 
The ratio varies by almost 7 percent for the sulfides alone. Each worker 
used as a standard the S**/S* ratio of 22.21 for the sulfur from the troilite 
of the Cafion Diablo meteorite. A summary of previous results is shown in 
Figure 1, which is a reconstitution and consolidation of parts of Kulp, Ault 
and Feely’s (17) Figures 1 and 2. 

Sulfides were selected from the Roan Antelope, Mufulira, and N’Kana 
mines, and, for comparison, from the Kipushi and Luishia mines in adjacent 
Belgian Congo, and from the Sable Antelope mine in Northern Rhodesia. 
The sulfur in the sulfides was converted into sulfur dioxide gas which was 

1 The authors are indebted to Mr. Perry Bass of Richardson and Bass, the Higgins Fund, 
and the Shell Oil Company Grant for Fundamental Research in Geology, for research grants 


which have made it possible to establish an isotope geology laboratory in the Department of 
Geology, Yale University. 


! 


558 A. M. BATEMAN AND M. L. JENSEN 


Location Mineral 


1. Roan Antelope mine Typical ore containing disseminated digenite 22.23 
(Rhod. 57) 400 level and bornite 

2. Roan Antelope mine Veinlet of chalcopyrite and bornite along 22.45 
(Rhod. 62) Shaft No. 1, with disseminated ore 
270’ level, SE drive 

3. Mufulira mine (Rhod. 78) Typical disseminated ore in feldspathic quart- 22.16 
DDN No. 1, No. 3 ore zite, digenite and bornite 
body, depth 515’ 

4. Mufulira Mine (Rhod. 88) Disseminated blebs and specks of digenite in 22.21 
Drill Hole No. 1, depth 302’ feldspathic quartzite 

5. Mufulira (Rhod. 87) Veinlet of digenite, bordered by disseminated 22.31 
Drill Hole No. 1, depth 307’ grains in feldspathic quartzite 

6. N'Kana mine (Rhod. 15) Disseminated bornite, some chalcopyrite and 22.16 

digenite in ore bed 
7. Kipushi mine (Kat. 534) Chalcopyrite, bornite, digenite and sphalerite 22.05 


Drill core in ore body 
540 m. deep 


8. Luishia mine (Kat. 527) 21.93 

9. Sable Antelope mine 22.73* 
(Rhod. 92a) 

10. Sable Antelope mine 22.86* 
(Rhod. 92b) 

11, Messina mine, Transvaal Brilliant massive chalcocite, bornite and chal- 22.18 
300-400 level stopes (211) copyrite in quartz 

12. Messina mine, Transvaal Brilliant chalcocite, bornite and chalcopyrite 22.18 
1950 level stope (213) within quartz 

13. Messina mine, Transvaal Massive chalcopyrite and quartz 22.17 


1000 level (218) 
* +0.03 


analyzed for the sulfur isotopes by means of a Consolidated Electrodynamics 
Corporation Model 21-401 mass spectrometer. All the results have a pre- 
cision of at least + 0.01, unless otherwise indicated and are shown at the top 
of page 558. 

The results are plotted on Figure 2, which is on the same scale as Figure 1 
for the purpose of comparison. 


MINERALOGRAPHY OF SPECIMENS 


1. Roan Antelope disseminated ore—A large specimen of typical Roan 
ore containing disseminated bornite and digenite, which display both mutual 
boundaries and graphic intergrowth with each other. Digenite shows trian- 
gular cleavage. The sulfides are markedly oriented along bedding planes, but 
individual grains transect and enclose silicates. 

2. Roan Antelope mine—sulfide veinlet—vVeinlet of chalcopyrite and 
bornite replacing Roan “shale” with disseminated sulfides accompanying vein- 
let. Chalcopyrite and bornite show mutual boundaries and each contains 
residuals of “shale.” 

3. Mufulira mine—DDH 1, No. 3 ore body, depth 515 feet.—Irregular 
grains of digenite and chalcopyrites and a few grains of linnaeite occur in a 
fairly well cemented felspathic quartzite. The digenite grains are mostly 
smaller than the quartz grains; many grains of digenite and chalcopyrite with 
very irregular outlines are larger than three or four quartz grains and contain 
inclusions of quartz. Most of the digenite occurs within quartz grains. In 
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one field microshears extend across several quartz grains and are occupied by 
microveinlets of digenite. Evidence of replacement of quartz grains is clear. 

4. Mufulira mine, DDH 1, depth 302 feet—Large discrete blebs and 
specks of digenite cutting across and replacing grains of quartz and feldspar 
and dolomite. Some of the digenite blebs are much larger than individual 
grains of quartz. The digenite embays the rock minerals in irregular pro- 
tuberances. 

5. Mufulira mine, Drill Hole No. 1, depth 307 feet——Veinlet of digenite 
with irregular outlines enclosed in feldspathic sandstone, which also contains 
disseminated grains that replace quartz and embay feldspars. 

6. N’Kana mine, ore from drill hole-——Disseminated ore consisting of 
bornite with minor digenite and chalcopyrite enclosed in ore bed. One mi- 
croscopic stringer carrying bornite crosses bedding; irregularly shaped grains 
with many protuberances make out from the veinlet and replace adjacent 
quartz grains. A few bornite grains are 2 to 3 mm across and transect and 
replace several grains. 

7. Kipushi mine, Katanga, drill core in ore body, depth 540 m—Pyrite, 
chalcopyrite, bornite, digenite, and sphalerite. Sequence is pyrite, sphalerite, 
chalcopyrite-bornite, digenite. 

8. Luishia mine, Katanga, near bottom of open cut.—Chalcopyrite bor- 
dered by kyanite replacing host rock and containing residuals of quartz. 

9, 10. Sable Antelope mine, Northern Rhodesia.—Digenite replacing cal- 
cite enclosed in limestone. 

11. Messina mine, Transvaal, 300-400 level stopes—The Messina mine 
is situated at the northern tip of the Transvaal, not far from Southern Rho- 
desia, and specimens from this mine were included for contrast with the 
Copper Belt specimens since both consist of copper sulfide ores and the Mes- 
sina chalcocite is considered to be primary. 

The specimen consists of brilliant massive chalcocite and bornite with a 
little chalcopyrite embedded in quartz. The chalcocite is mostly orthorhom- 
bic and is clearly primary, suggesting a low-temperature hypogene deposit 
reminiscent of Bristol, Conn. Some digenite appears to be present but this 
was not checked by X-ray. Some of the chalcocite and bornite exhibit 
“graphic” texture. 

12. Messina mine, Transvaal, 1950 level stope——Brilliant massive chalco- 
cite (digenite?), bornite and chalcopyrite in quartz. This specimen came 
from a location 1600 feet below specimen 11. The microscopic description 
of Specimen 11 applies also to this specimen. The isotopic ratio shows no 
change because of difference in depth. 

13. Messina mine, Transvaal, 1000 level—Massive chalcopyrite and quartz 
with minor inclusions of bornite and a few blebs of chalcocite. 

The microscopic relations of the Copper Belt sulfides are as described in 
an earlier paper by Bateman (3) and in later papers by Davis (7) and by 
Brummer (4). The sulfides of the specimens measured are in discrete grains 
and in intergrowths of bornite and digenite, and bornite and chalcopyrite. 
Mutual boundary relations occur between bornite and chalcopyrite. Each of 
the sulfides replaces the host rock minerals in typical replacement relations, 
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in very small grains at the Roan Antelope and in larger grains at the Mufulira 
and Chambishi mines. In the Mufulira ore bodies, grains of digenite or 
bornite or linnaeite may intersect two or three of the original quartz grains 
of the feldspathic quartzite. 

A little chalcocite is definitely supergene, is orthorhombic, and is typical 
of that found in supergene enriched copper deposits the world over. Most 
of the “chalcocite,” however, is clearly hypogene. It is isometric and is the 
high-temperature form now known as digenite. 


PREPARATION OF SAMPLES 


The sulfur dioxide gas is obtained from the sulfide minerals by a standard 
procedure described by Thode et al. (24), in which a stream of oxygen passes 
over the heated samples. The sulfur dioxide is collected in a liquid nitrogen 
trap and excess oxygen and carbon dioxide are removed by pumping on the 
sample at the temperature of a dry ice-acetone mixture. One tank of pre- 
purified oxygen is used as a standard source and the flowage and burning 
rates are controlled by a bubble counter containing concentrated H2,SO, and 
manometers. An initial purity test was made of the first samples by mass 
spectrometer analysis in the analytical mode and, thereafter, by comparing 
the mass 66 amplifier output of the standard gas with the same amplifier out- 
put of an equal volume of the sample gas. 


DISCUSSION OF RESULTS 


The authors do not expect stable isotopic ratios to be a panacea to prob- 
lems in economic geology, but merely one more method that may be of some 
aid in determining the genesis of some mineral deposits. 

Sulfides formed by hydrothermal processes exhibit S**/S** ratios vary- 
ing between 21.53 to 23.0; this, the broadest range, has been reported by Kulp 
et al. (17). The low ratio was obtained from sulfides at the Ivigtut, Green- 
land, deposit which may be closer to a pegmatite origin than a hydrothermal 
origin. The upper range of the high ratio is based on several specimens from 
the unique Franklin, N. J., district; furthermore, Thode (24) has reported 
the low ratio of 21.61 from a specimen of unknown location collected at this 
district, but Kulp’s selection of more carefully collected and recorded speci- 
mens does not show any ratio this low, although Kulp’s ratios do indicate a 
broad range for this district. 

Omitting the ratios from these two deposits, Kulp’s hydrothermal range 
is reduced to the ratio of 21.80 to 22.64. It will be noted that the S**/S* 
range of 22.16 to 22.45 obtained from the Rhodesian Copper Belt specimens 
included in this paper is narrower than Kulp’s hydrothermal range, and also 
falls within Kulp’s range (Fig. 1) for magmatic sulfides and pegmatitic sul- 
fides, and closely approaches his range for Joplin, Missouri. 

Let us, however, consider the suggestion by Garlick that the Rhodesian 
copper deposits are of sedimentary origin and that the copper was transported 
in “solution, probably as sulphate or chloride, and deposition is attributed to 
biochemical processes in stagnant waters” (10). If the copper originated 
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from the weathering of copper deposits in the older rocks (pre-Mine Series), 
as is apparently assumed, the weathering processes through the oxidation of 
pyrite would most likely yield the copper in the form of copper sulfate rather 
than as a chloride. If pyrite were not present, copper sulfate probably would 
not result, since pyrite (or pyrrhotite) is necessary to yield the ferric sulfate 
(and sulfuric acid) to take the copper into solution as copper sulfate. 

It is presumed that as the copper sulfate entered the marine zone of stag- 
nant water, HS of organic origin would react with the copper sulfate and 
precipitate copper sulfide (as covellite, CuS). Tudge and Thode (26) have 
shown, based upon both theoretical considerations and experimental measure- 
ments, that sulfates are enriched in S** and H,S is enriched in S*. We might 
assume that the resulting sulfide of copper should exhibit S**/S** ratios com- 
parable to the H2S range. This assumption is based on the analogy of the 
similar process which has formed many of the syngenetic marcasite and pyrite 
nodules and concretions, which are not at all uncommon in black shales and 
other sediments. The S**/S* ratios of these iron sulfides vary between 22.02 
to 22.23 for sulfides in Archean black shales and limestones of the Pine Cone 
Lake region, Ontario, according to Kulp et al. (17), and from 22.08 to 23.05 
for an assortment of similar specimens of various geologic ages according to 
Thode et al. (25). It should be mentioned that the Pine Cone Lake speci- 
mens have undergone metamorphism, which may have had some influence on 
these particular specimens. Nevertheless these ratios are equivalent to ratios 
obtained from HS samples which certainly suggests that the sulfur in these 
iron sulfides is not merely reduced sulfate but is most likely sulfide derived 
from H,2S. In fact, upon formation of the sulfide, the released sulfate be- 
comes a sea water sulfate ion. Incidentally, S**/S** ratios of sea water sul- 
fate as compiled by Rankama (20) are as we should expect, enriched in S** 
and varying in ratio between 21.70 and 21.91. Thode (25), however, has 
reported, upon a restudy of sea water sulfates, an average value near 218 
with a smaller spread than previously indicated and summarized by Rankama. 
A narrow spread between 21.72 and 21.81 has been obtained by investigators 
at the Lamont Geological Observatory (written communication). 

Keeping in mind the above inferred processes for the formation of sedi- 
mentary iron sulfides, let us now return to the example of copper. If H2S 
of organic origin precipitated the copper as covellite it should be expected that 
such covellite would exhibit S**/S** ratios comparable to the ratios of organic 
H,S, for which ratios as low as 22.18 have been reported by Thode (25) and 
as low as 22.07 by Kulp et al. (17). The specimen from Luishia, Katanga, 
has a ratio of 21.93 which is well below the above values. One may suggest, 
tentatively, that the sulfur of the Luishia specimen is not of organic H2S ori- 
gin. The Kipushi specimen offers the same suggestion, although its ratio is 
close to the lowest ratio reported for H2S. The Kipushi deposit, however, 
is regarded by all geologists [including Garlick (10)] as a hydrothermal re- 
placement of the Kakontwe limestone, which lies above the section of the Mine 
Series containing the Rhodesian Copper Belt ores. 
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CONCLUSIONS 


The results of the preliminary S**/S** analysis given above, it will be 
seen, are not absolutely determinative. If copper sulfate had been reduced 
with no isotopic change the sulfur ratio of the resulting copper sulfide should 
be low—within the sulfate group—which it is not. If precipitation of the 
copper sulfide had been by HS of organic origin, the sulfur of the copper 
sulfide should be light, or its S**/S** ratio should be relatively high. The 
isotopic ratios of sulfur determined for the Rhodesia specimens range within 
the groups classed by Kulp et al. (17) as of biogenic H2S derivation, and of 
magmatic, pegmatitic and hydrothermal origin. 

A summation of the isotopic evidence relating to a syngenetic versus an 


epigenetic origin for the Rhodesian Copper Belt specimens appears to be as 
follows : 


For a syngenetic origin: 

1. The sulfur isotope ratios lie within those to be expected if biogenic H2S 
had caused the precipitation of the copper sulfide. 

2. Under the sedimentary hypothesis remobilization of the sulfides has 
been called upon to account for the high temperature form of the copper sul- 
fide digenite, for the high temperature ex-solution relationships of the copper 
sulfides, for replacement relationships of the copper sulfides, and for the vein- 
lets of copper sulfides. The question might be raised that the veinlet copper 
sulfides of Roan Antelope and Mufulira are higher, respectively, by 0.22 and 
0.15 than the respective specimens consisting only of disseminated copper sul- 
fide, and that this difference might be due to fractionation during mobilization 
of the sulfides. If such fractionation occurred it is to be expected that the 
lighter isotope should be more easily mobilized than the sulfur isotopes of 
heavier mass and would, therefore, appear in the veinlet sulfide. Such a ques- 
tion presupposes, for one thing, that the veinlet sulfide is of later age than the 
disseminated sulfide, but the microscope evidently indicates contemporaneity 
rather than difference in age. Also, it should be pointed out that in the speci- 
mens tested the copper sulfide of both the disseminated and veinlet ore is di- 
genite. Therefore, if remobilization did occur, the disseminated sulfides would 
also have been fractionated as well as the veinlets with the result that both 


should show similar ratios. This subject should be studied further by analy- 
ses of carefully selected specimens. 


For an epigenetic origin: 

1. The sulfur isotope ratios also fall within the range of those classed by 
Kulp et al. (17) as magmatic, pegmatitic and hydrothermal. 

2. The Rhodesian sulfur isotopic ratios are close to the range of those from 
the nearby Kipushi mine of epigenetic origin, and below those of the Sable 
Antelope mine, which is an epigenetic replacement of limestone. 

3. The Luishia mine in Katanga is possibly outside of the range of bio- 
genic considerations. 

4. The Northern Rhodesia Copper Belt mineralization and that of adja- 
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cent Katanga must surely be a part of the same copper mineralization. Each 
is a part of a single copper-cobalt-uranium metallogenetic province. The Ka- 
tanga mineralization occupies higher, and therefore later, beds than those of 
Rhodesia, and if both mineralizations are approximately of the same age, as 
is indicated by Davidson (6), then the Katanga mineralization must be later 
in age than the laying down of the Lower Roan beds in Northern Rhodesia. 
If the radioactive dating of the N’Kana uraninite is actually lower (6) than 
that of Katanga (610 + 10 million years) then the Rhodesian mineralization 
must be a little younger in age than that of the Upper Roan rocks. 

5. If the copper sulfide had been precipitated from copper sulfate by H.S, 
would not the copper sulfide be in the form of covellite (CuS) rather than in 
the form of digenite (CugS;) ? 


In summary, it must be pointed out that this preliminary investigation of 
the relative abundances of the sulfur isotopes does not provide a definite an- 
swer as to whether the copper sulfides are of an epigenetic hydrothermal ori- 
gin, or of a biogenic sedimentary origin. The range of S**/S* ratios, al- 
though entirely within the range shown by Kulp et al. (17) for magmatic 
sulfides, pegmatite sulfides, and hydrothermal sulfides, also falls within the 
ratios obtained for H2S of biogenic origin, provided it is considered that under 
a sedimentary hypothesis the precipitation of the sulfides had taken place di- 
rectly by H2S of biogenic origin and not by a bacterial reduction of copper 
sulfate. It is clearly indicated that further work must be done, and on a 
larger suite of specimens, from the Copper Belt as a whole, rather than from 
a single mine. Moreover, it should include investigation of unusual as well 
as usual occurrence, and of more of the veinlets of copper sulfide from both 
the copper belt, the ore beds, and particularly of ore veinlets from the under- 
lying granitic rocks. There should also be, for comparative purposes, further 
investigations of the isotope ratios of copper sulfides of unquestioned sedi- 
mentary origin, of iron sulfides of definite sedimentary origin, of copper sul- 
fate waters formed by oxidation of copper sulfides, and of the iron sulfate 
residual waters discharged after the copper from copper sulfate waters has 
been extracted. Further work on this and other phases has already been 
initiated in the laboratory and will continue.” 


DEPARTMENT OF GEOLOGY, 
Yate UNIVERsITY, 
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The Gunflint iron formation is part of a Late Precambrian sedimentary- 
volcanic series that overlies with major unconformity an ancient granite- 
greenstone pediment surface. Iron- and silica-bearing rocks of the Gun- 
flint were deposited in a marginal basin that bordered open sea water in a 
region of volcanic activity. Volcanism played a dual role: it provided a 
steady source of iron- and silica-bearing solutions and induced cyclical 
fluctuations in the basin of deposition. This resulted in cyclical sedi- 
mentation of iron- and silica-bearing rocks. 

The fundamental sedimentary cycle consists of the following facies in 
ascending order: algal chert (thin), tuffaceous shale (thin) and greenalite 
taconite (thick); taconite facies grade laterally into banded chert- 
carbonate facies. Where fully developed, the formation contains two 
cyclical units designated respectively Lower and Upper Gunflint members 
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The sedimentary facies are described and environments of deposition 
discussed. 

The distribution of hematite in the formation indicates an oxidizing 
atmosphere during Gunflint time. Magnetite formed largely by thermal 
metamorphism accompanying diabase intrusions. Some magnetite which 
has no apparent metamorphic association may have formed by primary 
precipitation or diagenetic alteration. 

Greenalite is the most abundant iron silicate mineral in the Gunflint 
formation. Greenalite granules appear to have been formed by diagenetic 
adjustment of a primary hydrous silica-ferrous iron gel. Secondary 
amphiboles were formed by metamorphic recrystallization of greenalite. 
Illite is a common constituent of the shale facies and was formed by aitera- 
tion of tuff fragments. Minnesotaite and stilpnomelane are quantitatively 
absent in the Gunflint formation in contrast to their abundance in the 
Biwabik formation of Minnesota. The relations suggest that minnesotaite 
and stilpnomelane are secondary metamorphic minerals rather than pri- 
mary or diagenetic. Absence of abundant secondary silicates in the Gun- 
flint may be related to the absence of hematite ore bodies. 


INTRODUCTION 


Tue Gunflint iron formation extends from Thunder Bay on Lake Superior 
to Gunflint Lake on the International Boundary and thence for 10 miles 
into Minnesota, a total distance of 110 miles (Fig. 1). The Biwabik forma- 


Fic. 1. Index map showing location of Gunflint formation. 


tion of Minnesota represents the southwestern continuation of the Gunflint, 
the two being separated by the Duluth Gabbro. The Gunflint is particu- 
larly well suited to stratigraphic study because the formation is nearly flai- 
lying, exposures are plentiful and secondary alteration is negligible. This 
paper presents 1) a division of the iron formation into distinctive lithic facies, 
2) a description of individual facies and 3) a genetic appraisal of facies com- 
position and distribution. 

In 1920, Broderick (2), in describing iron formation in the Gunflint Lake 
area, extended the well known four-fold division of the Biwabik formation 
(Lower and Upper Cherty and Slaty) to cover the Gunflint formation in that 
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area. Gill (5), in 1927, reporting on the southwestern portion of the forma- 
tion, emphasized the presence of the same marker horizons as occur in the 
Biwabik and employed Broderick’s fourfold division therein. In several re- 
ports published between 1919 and 1931, Tanton (10, 11) described oc- 
currences of Gunflint formation in the Thunder Bay district. During the 
period 1950-52, the portion of the formation extending from Loon Lake at the 
head of Thunder Bay southwestward to Little Gull Lake was mapped in 
detail by the Ontario Department of Mines. This work, supplemented by 
earlier reports, particularly by Gill (4) forms the basis for this paper. 

The writer is indebted to Dr. S. A. Tyler, University of Wisconsin, for 
advice and criticism during preparation of the paper. Dr. Tyler also supplied 
X-ray and analytical data on samples of illite from the Gunflint formation. 
Professor S. W. Bailey, University of Wisconsin, kindly identified minerals by 
X-ray methods. Field work was conducted under the auspices of the Ontario 
Department of Mines. Thanks are due Dr. M. E. Hurst, chief geologist of 
the department, for permission to publish the data. Discussions in the field 
with Dr. W. W. Moorhouse, University of Toronto, were of value and are 
hereby gratefully acknowledged. 


GENERAL GEOLOGY 


The Gunflint formation is part of the Kaministikwan group, a thick sedi- 
mentary unit of late Precambrian age intruded by diabase dikes and sills, which 
rests upon an early Precambrian basement complex. The Kaministikwan 
group is divided into the following units in descending order: 


Intrusive Series ...... Diabase and related rocks. 

limestone. 

Animikie Series ...... Rove shale formation. 


Gunflint iron formation. 


The two formations comprising the Animikie series are structurally con- 
formable. The Gunflint formation consists largely of iron- and silica-bearing 
sedimentary rocks and has an average thickness of 400 feet. The Rove forma- 
tion, which is composed of dark gray, finely laminated shale and interbedded 
graywacke, is more than 2,000 feet thick. Diabase dikes and sills are com- 
mon, particularly in the southwestern portion of the district. The sills range 
up to 300 feet thick and form the capping rock of many mesas and cuestas. 
They conform to the sedimentary stratification in general but transect it in 
detail. 

Structurally, the late Precambrian sedimentary rocks have a uniform 
southeastward dip of 7 degrees. Beds adjoining fault zones are commonly 
intricately folded. The uppermost beds of the Gunflint formation are locally 
folded and brecciated—a type of deformation attributed to penecontempor- 
aneous volcanic disturbances. Gravity faults belonging to two sets, striking 
respectively N 70 E and northward, are common. Vertical movements 
range up to 300 feet. 
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STRATIGRAPHY 
General Considerations 


The Gunflint formation divides into six sedimentary facies each of which 
is an areally restricted unit with unique lithic characteristics. The basal 
facies is a conglomerate unit and the topmost facies a limestone unit. Each 
of the other four facies occurs twice in cyclical repetition. This serves to 
divide the formation into four members, namely, Basal Conglomerate mem- 
ber, Lower and Upper Gunflint members and Upper Limestone member. 

Figure 2 illustrates the relative positions of the members and facies. 
The Basal member is a thin but remarkable persistent conglomerate. The 
lowermost facies of the Lower Gunflint member consists of algal chert (Lower 
algal chert facies). It is overlain in the southwestern portion of the district 
by tuffaceous shale (Lower tuffaceous shale facies), which thins out between 
Little Gull Lake and Kakabeka Falls. The tuffaceous shale is in turn suc- 
ceeded by a thick granular taconite unit (Lower west taconite facies) which 
grades northeastward into banded chert-carbonate (Lower banded chert- 
carbonate facies); this unit, in turn, grades northeastward into granular 
taconite (Lower east taconite facies). The basal facies of the Upper Gun- 
flint member consists of algal chert (Upper algal chert facies), which is 
confined largely to the southwestern portion of the district. It is overlain by 
tuffaceous shale (Upper tuffaceous shale), which is the most persistent unit 
in the formation and forms a marker horizon to which all other units are 
tied with respect to relative position and age. The shale is overlain in the 
southwest by a thick taconite unit (Upper taconite facies) which grades 
northeastward into banded chert-carbonates (Upper banded chert-carbonate 
facies). The Limestone member, which forms the top of the Gunflint forma- 
tion, is a thin but persistent unit that separates iron-silica-bearing rocks from 
overlying Rove shales. 

The facies can be grouped into time-rock unit equivalents. The basal 
conglomerate and Lower algal chert formed nearshore in a transgressing sea, 
hence over a long period of time. Since the waters of the Gunflint basin 
advanced landward from southwest to northeast, basal rock units are progres- 
sively younger to the northeast. Hence, northeast portions of the basal units 
are time equivalents of lower portions of the Lower west taconite unit. The 
main portion of the Lower west taconite facies, the Lower banded chert- 
carbonate and the Lower east taconite facies are all time-rock unit equivalents. 
The Upper algal chert is a time equivalent, in part, of the Lower banded chert- 
carbonate facies. Similarly, Upper taconites and Upper banded chert- 
carbonates are time equivalents. The Lower and Upper tuffaceous shale units 
are products of explosive volcanism, hence represent short intervals in 
geologic history. 

Basal Conglomerate Member 


Distribution and Lithology—Basal conglomerate is exposed intermittently 
along the northern fringe of the formation. It is normally only a few inches 
thick but locally attains 5 feet thick as near Kakabeka Falls. 


| 
> 
A nay 


a 
= 
© 
w 
= 
= 
S 
~ 
be 
= 
~ 
~ 
© 

~ 

gy 


‘uoroes pue AZojoes [wary “Oly 


Barmoows 


< 


NOLLVNNOS NOM! LNITANND 


4907039 ‘Ww3uV 


auvonnoe 


x3 
wow serene 


-* 
>, 
3 
3 
i 
Ay: 
4 
a*e 
ee 
4+ 


570 A. M. GOODWIN 


The basal conglomerate may be summarized as an unusually thin frag- 
mental unit formed largely of resistant material resting upon a flat, truncated 
surface that has cut across hard and soft rocks alike. There is almost com- 
plete lack of weathering in the underlying rocks. Pebbles of white vein 
quartz, vitreous to milky white chert and some jasper are the principal con- 
stituents. The majority of pebbles are 4 to 1 inch in diameter and the larger 
range up to 6 inches in diameter. The source of much of this material ap- 
pears to lie northwest of the formation in quartz veins and jasper rocks of the 
Matawin iron formation (10). The matrix consists of sandy quartz grains 
with variable chloritic material. Some matrix material was derived locally as 
indicated by a high proportion of quartz grains where granite is underlying 
and of chloritic material where greenstone is underlying. 

Relation to Adjacent Formation.—The contact between conglomerate and 
basement rock is generally knife-sharp without intervening decomposition 
products. Large feldspar crystals with lustrous cleavage planes in the under- 
lying granite indicate general absence of decomposition prior to formation of 
the conglomerate. However, locally, as at Hillside station near Whitefish 
Lake, the upper few inches of granite and greenstone are mildly decomposed. 

The conglomerate grades directly upwards into chert of the overlying 
facies ; chert commonly forms the matrix to the topmost pebbles. 

Environment of Formation—The conglomerate corresponds closely in 
major elements to Mesozoic conglomerates assigned by Stokes (9) to a 
pediment origin. The Mesozoic deposits are continental and fluvial in origin ; 
all have clearly marked erosional unconformities at the base; all are excep- 
tionally widespread for continental formations and at the same time remark- 
ably thin; also, the pebbles are mostly of durable varieties. Whereas modern 
pediments form at relatively high elevations in arid regions with scant vege- 
tation, it is possible that in pre-Gunflint time, in the absence or scarcity of 
vegetation, pediments were initiated and expanded at elevations not greatly 
above sea level and under more varied climatic conditions. Hence, it is 
possible that the Gunflint basal conglomerate and underlying surface formed 
in this manner. 


Lower Gunflint Member 


The Lower Gunflint member in the southwestern portion of the district 
contains in ascending order, algal chert, shale and taconite facies. North- 
eastward the taconite grades into banded chert-carbonate which is succeeded, 
in turn, by a second taconite unit (Fig. 3). 

Lower Algal Chert Facies—Algal chert of the Lower member is exposed 
intermittently along the north fringe of the formation. There are many ex- 
ceptional exposures north of the Whitefish River. The facies ranges in thick- 
ness from 1 to 5 feet and averages 2 feet; it thins towards Kakabeka Falls and 
exposures are relatively scarce to the east. 

Algal chert in the southwest portion of the district typically forms reef- 
like mounds with average dimensions of 10 feet by 4 feet wide by 2 feet high. 
Individual mounds are either isolated or connected by thin layers of granular 


j 

we 

ve 
Fi 
‘ 
a 

me 


FACIES RELATIONS IN THE GUNFLINT IRON FORMATION 571 


chert. The result is an irregular, hummocky surface. The chert forms finely 
banded, red and white algal structures that resemble piles of thimbles or 
inverted bowls (Grout and Broderick). Red, brown and white chert-hematite 
oolitic granules are intimately dispersed within these structures. Some 
mounds are encased in dolomitic carbonate. Small fractures may be filled with 
anthraxolite. Locally, the facies includes thin beds of nearly pure magnetite 
ranging up to several inches thick. North of Kakabeka Falls and eastward 
therefrom, the facies consists of irregularly interbanded green chert, which is 
locally algal-bearing, dolomitic carbonate, minor magnetite and pyrite. 

The chert facies grades directly upwards within a few inches to black shale 
in the southwestern part of the district, to banded chert-carbonate in the 
central portion and to oolitic and granular chert in the northeastern portion. 

There is a striking comparison between Gunflint algal structures and 
modern algal structures of undoubted organic origin with respect to shape 
and distribution of mounds, intricately laminated “thimble” structures and 
associated oolitic structures. Modern reef-forming organisms flourish in 
shallow water where agitation promotes exchange of gases and nutriments ; 
limiting depth is largely determined by light penetration and is generally less 
than 60 feet. Gunflint algal structures are accordingly attributed to organic 
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Fic. 3. Sketch of facies distribution in Lower Gunflint member. 


growth in shallow, agitated water adjoining the early Animikie strand. The 
lithology east of Kakabeka Falls where algal structures are scare and dolomitic 
carbonate and magnetite relatively abundant suggests relatively stagnant 
waters inimical to algal growth. 

Lower Tuffaceous Shale Facies—Tuffaceous shale of the lower cycle is 
restricted to the southwestern portion of the district (Fig. 3) where it forms 
a persistent marker horizon ranging up to 20 feet thick. The extension of 
this facies in the Mesabi district is called the “Intermediate Slate.” 

The shale is a black, fissile variety formed mainly of altered volcanic ma- 
terial together with minor pyrite, siderite, and carbonaceous material. Small 
flakes of white mica appear on parting surfaces. Gray to black, thinly 
laminated chert beads and bands, in places containing disseminated pyrite, 
are common. 

The shale grades upwards within 3 feet to thick-bedded, granular chert. 
_ The composition indicates a sudden fall of fine-grained volcanic ash re- 
sulting in burial and preservation of organic matter followed by development 
of siderite and pyrite. The fine grained nature suggests widespread distribu- 
tion from the source area by wind and current. Restriction to the southwest 
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portion of the district suggests the marginal limit of the water basin at that 
time. However, erosion may have removed more extensive portions. 

Lower West Taconite Facies—Taconite rocks of the lower cycle extend 
from Gunflint Lake northeastward to Kakabeka Falls. The facies is 150 
feet thick where fully developed. It pinches out gradually between Nololu 
and Kakabeka Falls. 

Wavy banded taconite is the principal rock of the facies. Beds range from 
2 to 6 inches thick and extend laterally for 5 to 20 feet, pinching and swelling 
noticeably in the interval. Individual beds are separated by shaly rims an 
inch or two thick. Bedding relationships are complicated by abundant shaly 
partings and perpendicular joints. 

Taconite contains varying proportions of chert, greenalite granules, fer- 
ruginous carbonate, hematite, and magnetite. The latter two are common in 
the upper beds of the facies. Green granules are typically dispersed in pale 
gray, chert. The granules are circular to elliptical in section, range from 0.7 
to 1.5 mm in diameter and contain varying proportions of chert and greenalite. 
Some are dominantly cherty with minor greenalite disseminated as a dusty 
pigment; others contain equal proportions of chert and greenalite, the green 
pigment concentrated either at the core or periphery; still others consist of 
massive greenalite without visible chert. Within the granules, greenalite is 
commonly arranged in minute spherical forms, each about 0.03 mm in diam- 
eter ; 20 to 30 such forms commonly occur within a single granule ; they appear 
to represent incipient nuclei of crystallization. Chert within granules is 
commonly coarser grained than matrix chert, averaging respectively 0.75 mm 
and 0.15 mm in diameter. Matrix chert surrounding the granules is com- 
monly spherulitic. Small chert-filled shrinkage cracks are common within 
the granules. Sideritic carbonate locally forms up to 50 percent of the 
beds. 

Hematite-magnetite-bearing taconite appears 75 feet above the base of the 
facies and increase in quantity upwards. Hematite and magnetite occur as 
rims to normal greenalite grains, as discrete grains sprinkled throughout a 
cherty matrix, and as linear aggregates strung out along bedding planes. The 
oxides are commonly intermixed; however, one or the other generally pre- 
vails in a vertical interval of 1 to 6 feet. 

Pink and white carbonate nodules are distributed throughout the lower 
beds of the facies. The nodules range up to 1 inch diameter and consist of 
dolomite, calcite and minor ankerite. Red hematite dust imparts the pink 
color. Narrow stringers of anthraxolite are commonly associated. 

A 6-inch thick band of intraformational conglomerate occurs 10 feet below 
the top of the facies. Pebbles of cherty taconite similar in composition to the 
enclosing rock range up to 4 inches in diameter (Fig. 4). Fragmentation is 
attributed to penecontemporaneous wave action. 

A proportional increase in red granules within a vertical interval of 3 
feet marks the transition from green taconite to jasper and algal chert of 
the overlying facies. Between Nolalu and Kakabeka Falls the facies grades 
laterally into banded chert-carbonate rocks. 

Lower beds of the facies appear to have been deposited in relatively deep 


at, 
AF 
J 
¢ 
q 
* 
q 
= 


FACIES RELATIONS IN THE GUNFLINT IRON FORMATION 573 


water as suggested by uniform lithology over considerable thickness and 
absence of shallow water features. As deposition proceeded, the column of 
sediments apparently approached water surface as indicated by wave-wrought 
intraformational conglomerates and abundant ferric oxide minerals. Con- 
tinually decreasing water level created an environment suitable for algal 
growth marking the base of the Upper algal-chert facies. 

Lower Banded Chert-Carbonate Facies.—Banded chert-carbonate rocks of 
the lower cycle extend from Kakabeka Falls northeastward to Port Arthur. 
There are many excellent exposures near Kakabeka Falls. The facies is 
approximately 40 feet thick. 

The typical rock is strikingly banded in shades of gray and brown. Chert 
bands range from 2 to 6 inches thick. The chert is pale gray, extremely fine 
grained and commonly delicately laminated. The texture is normally massive 
although small chert granules occur locally. Crystalline pyrite and thin 
lenticles of carbonaceous material are sparsely disseminated throughout. 
Many chert beds have bleached and fractured rims, and small chert frag- 
ments are commonly embedded in the overlying carbonate layer. The bands 
are commonly fragmented, the chert fragments ranging up to 15 inches long. 
Many fragments are angular with sharp contacts against carbonate suggesting 
a brittle state at the time of fragmentation; on the other hand, others are 
minutely drag-folded and crenulated with gradational contacts against car- 
bonate suggesting a semi-gelatinous state at the time of fragmentation. Frag- 
mented chert layers typically lie between undisturbed chert layers indicating 
that fragmentation of a particular layer preceeded deposition of the overlying 
layer. Fracturing, fragmentation and bleaching appear to have resulted from 
dehydration, shrinkage and erosion of chert layers following surface exposure. 
The relations suggest that chert layers solidified shortly after deposition and 
were sufficiently indurated to become fragmented prior to, or during deposi- 
tion of the overlying layer. 

Siderite interbands range in thickness up to 4 feet and average 6 inches. 
Lower beds in the vicinity of Kakabeka Falls consist of dolomite. Elsewhere, 
siderite predominates. The carbonate is massive textured and commonly 
contains pyrite flecks and thin lenticles of carbonaceous material. Micros- 
copically, the siderite has a prominent spherical texture. Individual spheres 
are approximately 0.05 mm in diameter and contain a black speck of un- 
identified material at the center. Some have radiating texture, whereas others 
are crudely oolitic as a result of irregular, incomplete rings of carbonaceous 
material. The distribution and nature of the spheres suggest formation by 
simultaneous crystallization at a number of closely spaced centers during 
lithification of a soft, sideritic sediment. 

Thin lenticles of carbonaceous material occur within siderite bands and, 
to a lesser extent, within chert bands. Individual lenticles are a fraction of 
a millimeter thick and up to 1 inch long. They are always elongated with 
the bedding. Each lenticle contains a multitude of minute, vermicular struc- 
tures distributed in a black, amorphous mass which is formed, in part, of a 
pale brown, oily film. Tiny grains of pyrit are intimately associated. The 
carbonaceous material is likely of organic origin; the tiny vermicular struc- 
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Fic. 5. Cross-bedded, oolitic chert; Lower east taconite facies; north side of 
Highway 17 near Loon Lake road. 


tures are possibly associated with bacterial activity with the oily film repre- 
senting a partial distillate. 

Banded chert-siderite grades upwards within 2 to 4 feet to black pyriti- 
ferous shale. The upper 5 feet consists of massive chert beds up to 1 foot 
thick with thinner siderite bands. Pyrite increases in abundance towards the 
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contact where it forms grains, concretionary lumps, transecting veinlets and a 
general cement to fragmented chert beds. The facies grades northeastward 
into granular taconite. 

Banded chert-carbonates appear to have formed in relatively stagnant and 
shallow water. Stagnation is implied by the presence of abundant pyrite, 
siderite and carbonaceous matter. Shallow water is indicated by bleached and 
fractured chert layers, and many horizons of fragmented chert. The environ- 
ment envisaged is a broad, shallow lagoonal swamp capable of sustaining low 
order plant growth analogous to coal swamps of Paleozoic and more recent 
times. The presence of dissolved silica, ferrous iron and organically -produced 
carbon dioxide resulted in rhythmic precipitation of chert and siderite. The 
lateral transition from chert-carbonates to taconite in the southwest suggests 
deepening water in that direction. To the northeast was open sea water, 
marginal to which granular rocks of the Lower east taconite facies were 
forming. 

Lower East Taconite Facies.——This facies extends from Port Arthur 
northeastward to the head of Thunder Bay. It ranges from 20 to 60 feet 
thick and averages 40 feet thick. The taconite is exposed along Highway 17 
in the vicinity of Blende and Loon Lakes, <‘ong the Pass Lake road and in a 
downfaulted block extending along the Canadian Pacific railway west of 
Loon Lake. 

The basal 2 to 6 feet of the facies are formed of interbanded chert and 
carbonate. Massive green chert bands range from 1 to 10 inches thick and 
carbonate interbands up to 31 inches thick. Pale brown ankerite is the most 
abundant carbonate present although siderite and dolomite prevail locally. 
Carbonate fills numerous, vertical fractures in the chert. The chert com- 
monly contains small spherical granules formed of crystalline chert and dis- 
seminated greenalite. 

The upper 10 to 20 feet of the facies consists of interbanded chert and 
dolomitic limestone. Chert bands range in thickness from 2 to 15 inches and 
average 6 inches; the margins are commonly bleached and cracked. The 
chert is either red or green and is commonly mottled. It consists of oolitic 
granules within a matrix of clear, cryptocrystalline chert. A typical granule 
contains a core of chert and disseminated greenalite rimmed with concentric 
bands of red hematite and white chert. Zones of cross-bedded, oolitic chert 
(Fig. 5) are exposed in an outcrop on Highway 17 near the Loon Lake road. 
A horizon of algal structures ranging up to 15 inches thick occurs at the top 
of the facies. It is correlated with the Upper algal chert facies in the south- 
western area. The average of available analyses of this facies is as follows: 
Fe—8.49 SiO,—64.13; Al,O,—0.60; CaO—18.00; MgO—6.08 ; Mn—4.75; 
P—0.026; S—0.13. The low iron and high calcium, magnesium, and man- 
ganese content are unusual for the Gunflint formation. 

Rocks of the facies grade upwards within an interval of 2 to 4 feet into 
shaly rocks of the overlying facies. 

The association of cross-bedded, oolitic chert, algal structures, bleached 
chert rims and ferric oxide minerals indicates deposition in shallow, agitated, 
oxidizing water. The relative abundance of calcium and magnesium suggests 
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the presence of marine waters. Deposition, therefore, apparently occurred 
near the margin of the Gunflint basin where marine waters circulated to some 
extent. 


Upper Gunflint Member 


The Upper Gunflint member in the southwestern portion of the district 
contains in ascending order: algal chert, tuffaceous shale and taconite. Algal 
chert is missing in the Kakabeka Falls-Port Arthur area but reappears near 
Loon Lake. Tuffaceous shale is continuous throughout the formation. The 
taconite unit grades northeastward into banded chert-carbonate (Fig. 6). 

Upper Algal Chert Facies.—The facies extends in large part from Nolalu 
southwestward to Gunflint Lake. It ranges from 48 to 86 feet thick. A lava 
flow locally increases the thickness by 40 feet. The rocks are well exposed 
on the flanks of Mink mountain and adjacent ridges, within the North river 
downfaulted block and in an erosional remnant north of Nolalu. A thin 
horizon of algal chert near Loon Lake is correlated with this facies. 
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Fic. 6. Sketch of facies distribution in Upper Gunflint member. 


Rocks of the facies are characterized by the association of granular chert, 
hematite and algal structures (the lava flow excluded). The facies is divided 
into the following groups in descending order : 


Group 4 Bedded jasper 
3 Granular chert 
2 Algal chert-lava flow locally 
1 Granular chert, jasper veinlets 


Group 1. Rocks of group 1 consist of jasper taconite with jasper veinlets. 
Taconite beds contain abundant red, green and black granules in a jasper 
matrix. The beds range up to 1 foot thick and pinch and swell noticeably. 
Granules are generally round and somewhat elliptical; diameters range from 
0.25 to 0.75 mm. A typical granule is formed of core and border zone. The 
core, comprising } to 4 the granule, is formed of fine-grained chert with dis- 
seminated greenalite. The border zone consists of concentric rings, the inner 
ones formed of interlaminated magnetite and specularite, the outer ones of 
specularite and soft red hematite ; the outer rim is invariably formed of soft red 
hematite. Thus, the granules exhibit a progressive oxidation of iron from 
core to rim. 

Jasper veinlets range from 1/8 to 1 inch thick and up to 3 feet long. 
Some are parallel to the bedding but most are sub-horizontal to steeply in- 
clined. They characteristically penetrate the chert matrix sinuously, lying 
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between granules and in places enclosing them. They appear to represent 
infillings of local dilatant zones formed before the jasper matrix had com- 
pletely solidified. 

Group 2. Red and white algal structures ranging up to 3 feet thick 
occupy a horizon 4 feet above the base of the facies. The horizon locally con- 
tains 3 distinct algal horizons each about 4 inches thick and separated by 6 to 
12 inches of granular chert. Pisolitic chert is complementary to algal struc- 
tures along this horizon. Pisolites average 1/8 inch in diameter; an indi- 
vidual contains a core of chert and disseminated greenalite rimmed with 
concentric laminations of hematite and magnetite, the hematite predominating 
in the outer rings. A zone of intraformational conglomerate is closely as- 
sociated with the algal horizon. Fragments range up to several feet long and 
are formed of granular chert which is locally algal-bearing. 

Basic flow rock is exposed intermittently in the area northeast of Mink 
mountain. The maximum exposed thickness is 40 feet. The lower contact 
lies 7 feet above the base of the facies; the upper contact dips gently beneath 
algal-bearing chert. Hence, the age and stratigraphic nosition of the flow 
are well established. 

Amygdules ranging up to 1/8 inch diameter are common in the upper 5 to 
10 feet of the flow. Each amygdule is typically surrounded by a bleached zone 
up to } inch diameter. Amygdaloidal fillings consist of one or more of white 
chert, jasper, green iron silicate (a mixture of illite and chamosite), calcite, 
and pyrite. The bleached zones surrounding amygdules contain abundant 
leucoxene formed by alteration of primary titanium-bearing minerals. The 
relations indicate that iron and silica, representing by-products of mineral 
alteration, were leached centrally and concentrated within the amygdules. 
The following partial analyses of 1) lava and 2) green silicate from the 
amygdules, demonstrate a noteworthy increase in iron and decrease in titanium 
within the amygdule : 


Al,O, SiO, Fe TiO, K,0O CaO + MgO 


1) 13.52 49.30 4.87 2.33 1.12 11.54 
2) 14.47 48.25 8.73 1.23 1.20 not determined 


Veins of siliceous hematite transect the upper few feet of flow rock. They 
are typically two inches thick and extend sinuously for 6 to 10 feet. The 
veins are charged with small, brick-red, oolitic granules each 0.5 to 1 mm in 
diameter resembling “flaxseed ore” of Paleozoic iron formation. In detail, 
granules contain cores of chert charged with spherulitic grains of green silicate 
enclosed within concentric bands of magnetite, specularite and soft red 
hematite ; thin perlitic chert bands are common near the rim. A few stringers 
connect lava and hematite veins; the stringers within the lava consist of fine- 
grained chert and a few flakes of greenalite (?) ; at the junction they consist 
of chert and fine grained magnetite; this leads, in turn, to chert-hematite 
granules in the centre of the veins. The relations demonstrate an outward 
flow and progressive oxidation of iron from lava to vein. 
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Pillow structures and more irregular polygonal blocks up to 2 feet in 
diameter occur in the upper 10 to 20 feet of the flow. The structures are 
commonly encased in layers of green, red, and gray banded chert, the red 
layers occurring marginally. Banded chert also fills narrow contraction 
joints and interstices in the lava. 

Group 3. Rocks of this group are similar to those of group 1. They 
contain green and red granules formed of chert, green iron silicate, hematite 
and magnetite. Jasper veinlets are present but in reduced numbers com- 
pared to group 1. 

Group 4. The jasper section consists of granular jasper with abundant 
shaly partings. Bedding in the lower half of the group is thin and dis- 
continuous, and in the upper portion thick and lensy. The lower beds are 
formed of angular to well-rounded fragments of brick-red chert in a dark 
red, cherty matrix. The matrix contains abundant granules formed of chert 
and greenalite concentrically rimmed with magnetite, specularite and soft red 
hematite. Shaly partings are extremely fine grained and formed of angular 
pyroclastic fragments in a dark green, illitic matrix. 

Large jasper lenses with shaly partings appear 20 feet above the base of 
the group. A typical lens is 6 to 8 inches thick and extends laterally for 10 
to 15 feet, pinching and swelling slightly in the interval. Lenses contain 
abundant red, hematite-greenalite granules in a matrix of pure chalcedonic 
chert. 

Jasper beds of the Lower Algal chert facies grade upwards within a vertical 
interval of 6 feet by increase in thickness and number of shaly partings to 
tuffaceous shale of the overlying facies. The chert facies thins eastward and 
pinches out between Silver mountain and Kakabeka Falls. As previously 
mentioned, the algal chert horizon at the top of the Lower east taconite facies 
near Loon Lake is correlated with this facies. 

The association of algal structures, pisolitic granules, intraformational 
conglomerate and the prevalence of ferric over ferrous iron minerals points 
strongly to a shallow water, oxidizing environment. The restriction of algal 
structures to the base of the facies may be attributed either to later deepening 
of water beyond the favourable depth range for algal organisms or to in- 
creased pyroclastic activity which thus inhibited algal activity. The granules 
of this facies have a common mineral distribution: chert and greenalite lie at 
the core; magnetite, specularite and soft red hematite rim the core in that 
order. The distribution suggests that greenalite partially dissociated during 
diagenesis to form ferrous iron and silica; dissociation was accompanied by 
progressive oxidation of ferrous iron to magnetite, specularite and soft red 
hematite with concentric precipitation of these products in that order. 

Upper Tuffaceous Shale Facies—-The upper shale facies extends from 
Loon Lake to Gunflint Lake, a distance of at least 100 miles. It is the only 
continuous facies in the Gunflint formation hence forms the key stratigraphic 
unit to which all other facies are tied with respect to position and age. It 
ranges in thickness from 15 to 100 feet and averages 40 feet. The greatest 
thickness occurs in the Kakabeka Falls area wherefrom it thins laterally. 
The facies, in brief consists of black, tuffaceous shale and siltstone with 
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considerable interbedded siderite and pyrite together with extensive beds of 
volcanic ash. 

In the Whitefish Lake area the facies is 18 feet thick and consists of black 
fissile shale with some layers and lenses of chert and siderite. The facies is 
approximately 86 feet thick at Kakabeka Falls. The basal 15 feet presents a 
gradation from banded chert-siderite to black tuffaceous shale containing 
coarse ash beds which prevails for a thickness of 37 feet ; it is overlain, in turn, 
by a transition to banded chert-siderite. Near Port Arthur and Loon Lake, 
the facies consists of 10 to 20 feet of thinly bedded, tuffaceous shale. 

Tuff beds occur within the facies at each of the localities mentioned above. 
The beds range in number from 8 within a vertical interval of 37 feet at 
Kakabeka Falls to a single horizon in the vicinity of Whitefish Lake, and 
in thickness from 2 to 31 inches. Thicker beds at Kakabeka Falls contain 
angular and vesicular cinder fragments up to 1 inch in diameter. Some coarse 
grained beds display excellent graded bedding; occasional fine grained beds 
are delicately cross-laminated. Narrow veinlets of anthraxolite ranging up 
to 1 inch thick are present. 

Tuff beds containing ellipsoidal structures which resemble mud _ balls 
extend the length of the formation. The tuff is a black, dense rock with a 
conchoidal fracture. It is formed largely of closely packed, ellipsoidal struc- 
tures each about 1/8 inch long, elongated along the bedding. Individual el- 
lipsoids contain small, angular tuff fragments of uniform size grouped con- 
centrically around a larger, central fragment (Fig. 7). The concentric arrange- 
ment and selected size range indicate accretionary growth during settling of 
volcanic ash in air or water. The remainder of the material comprising the 
beds consists of fragments of amygdaloidal lava in a ground mass of green 
clay material with the optical properties of illite. The same green material 
forms alteration rims to many tuff fragments. 

An excellent exposure of tuffaceous shale is situated immediately north- 
west of Highway 17 near Blendé Lake in MacGregor Township. Several 
ash beds ranging up to 3 feet thick are present. A green, crumbly ash bed 
near the base of the exposure contains fragments up to 1 inch diameter of illite 
(X-ray pattern indicates low iron illite with some characteristics of glauco- 
nite). Elsewhere in the ash bed, illite characteristically forms alteration rims 
to fragments of voleanic glass. A partial chemical analysis of the green 
crumbly ash bed follows: Fe (total)—7.05 ; TiO,—1.51; CaO—0.25, MgO— 
2.13. The composition corresponds closely to that of an intermediate to basic 
lava. 

The tuff facies is everywhere gradational into the overlying rocks within 
a vertical interval of 5 to 25 feet. The transition from shale to banded chert- 
carbonate is well exhibited in the Blende Creek outlier referred to above. 

The shale facies indicates a sudden, widespread dissemination of volcanic 
ash. Graded bedding in coarses phases indicates water sufficiently deep to 
permit differential settling. The thickest and coarsest phase occurs in the 
vicinity of Kakabeka Falls thereby indicating a centre of volcanic activity near 
that area. . The presence of lava flow in the Upper algal chert facies near 
Little Gull Lake supports this contention. 
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Upper Taconite Facies—Upper taconite rocks extend from Gunflint Lake 
northeastward to Port Arthur. There are excellent exposures beneath the 
capping sills near Whitefish Lake, on the upper levels of the Kaministikwa 
gorge some two miles south of Kakabeka Falls and along the banks of 
Current River, Neebing River and adjacent streams. The facies is 90 feet 


Fic. 7. Tuff ball structures in Upper tuffaceous shale facies. Note large, 
angular tuff fragment at center. (x 30.) 

Fic. 9. Greenalite granules. Upper taconite facies. Note reticulations of 
greenalite (black) within chert matrix (white) in granule to left; massive 
greenalite granule with ciliated rim in upper right. (x 30.) 
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thick at Gunflint Lake; it thickens to 190 feet near Whitefish Lake, thins 
gradually northeastward, a local thickening at Port Arthur excepted, and 
merges into the adjacent facies east of Port Arthur city. 

Rocks of the facies are characterized by an intimate three-fold association 
of a) the mineral greenalite, b) granular texture, and c) wavy banded struc- 
ture. Thick-bedded, wavy-banded taconite with shaly partings (phase 1) 
forms the largest part of the facies in the southwestern portion of the district. 
Northeastward the facies is about equally divided between a lower phase of 
thin-bedded, wavy-banded taconite (phase 2) and an upper phase of shaly 
taconite with jasper lenses (phase 3). The three phases are gradational one 
to the other. 

Phase 1. Layers of thick-bedded taconite range in thickness from 3 to 24 
inches and average 12 inches. They are typically wavy-banded—gently swell- 
ing, contracting and pinching out within intervals of 20 to 50 feet. Thinner 
taconite layers are commonly segmented into discreet lenses, each 3 to 10 
feet long. Chert layers and lenses contain many quartz-filled fractures which 
typically transect the margins. They appear to represent shrinkage cracks 
formed during dehydration and crystallization of silica gel. 

Greenalite granules are the main constituents of taconite layers. Close 
examination of many granular layers in hand specimen and thin section reveals 
that granules have the following characteristics: 1) granules are round or 
slightly oval, 2) chert and/or greenalite are invariably present, 3) color ranges 
from green to red to bluish black, 4) the structure is homogeneous ; cf. onion- 
skin structure of oolites; 5) granules are evenly distributed without evidence 
of size sorting or selective concentration; 6) granules show no evidence of 
abrasion; 7) organic matter is quantitatively absent. These characteristics 
have several genetic implications. Lack of concentration of granules along 
the top of the layers precludes vesicular origin. Absence of size sorting 
and selective concentration opposes a theory of formation by settling from a 
liquid medium. Absence of abrasion indicate little, if any, transportation. 
Absence of organic matter opposes organic origin. Rather, the even distri- 
bution and uniform shape and size of the granules suggest formation es- 
sentially in situ within a siliceous matrix sufficiently viscous to prevent ap- 
preciable movement after formation. The relations, in brief, suggest that 
granules formed by mineral and textural adjustment during lithification of a 
hydrous silica-ferrous iron gel. 

Phase 2. Thin-bedded, wavy-banded taconite is rusty weathering and 
decidedly friable in outcrop. The fresh rock ranges in color from pale to 
dark green speckled with white. It consists essentially of closely packed 
greenalite granules in a white chert matrix. Structurally, the rock is ir- 
regularly- or wavy-banded ; individual bands range from 1 to 3 inches thick 
and extend laterally for 1 to 3 feet; they pinch and swell in an extremely ir- 
regular manner, bulge, indent, curve suddenly and often terminate abruptly 
(Fig. 8). Granules range in composition from dominantly cherty to domi- 
nantly greenalite-rich. Chert-rich granules generally contain minute, in- 
determinate specks that may be droplets of greenalite. Increased silicate 
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Fic. 8. Wavy-banded taconite in Upper taconite facies. 


content is reflected in clouds of tiny spherulitic segregations, interstitial fila- 
ments and continuous networks within crystalline chert. Many granules are 
formed entirely of greenalite. Granules are commonly rimmed with radially- 
oriented crystals of chert between which slender filaments of pale green 
greenalite project for a fraction of a millimetre, thus forming a ciliated rim 
(Fig. 9) ; the greenalite filaments do not transect chert grains as do needles 
of typical “secondary” iron silicate minerals such as grunerite and stilpno- 
melane; rather, they lie parallel to, and between them, indicating that they 
were formed contemporaneous with, or immediately prior to, final crystalliza- 
tion of associated chert. 

Hematite-magnetite-bearing taconite appears midway in the section and 
increases in proportion towards the top. Granules are formed of varying 
proportions of greenalite, hematite and magnetite. Greenalite normally forms 
the core and iron oxides the rim. Hematite is far more abundant than mag- 
netite ; it occurs either as spectacular, spear-shaped crystals up to 0.3 mm long 
or as irregular clumps of small, round grains. Many granules consist en- 
tirely of chert rimmed with crystalline hematite. The chert within these 
granules is commonly cryptocrystalline or chalcedonic and is generally remark- 
ably free from impurities (Fig. 10). The relative grain size of matrix- and 
granule-chert varies greatly, presumably reflecting varying water content of 
original silica gel. 

The relationship between greenalite granules, greenalite-chert-hematite 
granules and chert-hematite granules suggests that the mixed granules formed 
by diagenetic dissociation of original greenalite granules. In this manner, par- 
tial dissociation of greenalite te silica and ferrous iron, followed by oxidation 
to ferric iron, resulted in granules with greenalite core and hematite rims; on 
the other hand, complete dissociation resulted in granules with chert cores 
and hematite rims. It appears that nascent greenalite dissociated diageneti- 
cally under the stimulus of an increasingly oxidizing environment. Increasing 
oxidation may have resulted from the approach of accumulating sediments to 
water surface and thereby to the influence of atmospheric oxygen. 

Phase 3. Shaly taconite with jasper lenses is well exposed in numerous 
stripping pits on the northern outskirts of Port Arthur. The rock is typically 
slabby to fissile and very friable in outcrop. It is finely laminated in shades 
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of dark gray and olive green as a result of interbanding of siderite layers, 
each 1/16 to 1/2 inch thick, with layers and lenticles, each a fraction of a milli- 
meter thick, of small, dark green silicate granules. Most green silicate has the 
optical and X-ray properties of an iron-rich form of illite or chlorite ; another, 
present in smaller amounts, has the optical properties of greenalite. The sili- 
cates typically form shredded, globular structures ranging up to 1 mm long. 
Tuffaceous material is commonly concentrated at the borders of the laminae ; 
the material contains angular grains of quartz and vitrophyric glass, the latter 
marginally altered to illite. 

Jasper lenses in the lower beds range from 2 to 6 inches thick and 10 to 15 
feet in diameter. They occupy selected horizons with lateral intervals between 
lenses of several feet and vertical intervals between horizons of 1 to 4 inches. 
They consist of red granules within a matrix of gray translucent chert. Green 
granules are occasionally mixed with red granules towards the margins of the 
lenses. 

Upper Taconite rocks grade upwards within an interval of 10 to 30 feet 
into Upper limestone rocks and thence to Rove shale. The transition consists 
of an increase in tuff content, decrease in chert, and the appearance of lenses 
and layers of limestone. The transition is well exposed in the Prospect 
avenue schoolyard in Port Arthur. The facies thins northeastward and 
grades into banded chert-carbonate rocks. 

Absence of shallow water features, the relative thickness of the facies 
and the prevalense of ferrous over ferric-iron minerals in the lower beds 
suggest a relatively deep water, neutral to mildly reducing environment. In- 
creasing oxidation is implied by the appearance of hematite-bearing granules 
and lenses in the upper beds. The change may reflect increasing proximity 
of unconsolidated sediments to atmospheric oxygen, attributable either to 
tectonic disturbances or to thickening of the sedimentary column with at- 
tendant approach of sediments to water surface. 

Davis (3) has shown that gelatinous silicic acid possesses the power to 
expel mechanical impurities from itself and that this segregation may occur 
in a rythmic way. It is possible that wavy handed taconite of the type en- 
countered in this facies formed by segregation of silica from intermixed im- 
purities during diagenesis, the expelled impurities forming the shaly partings. 

The three-fold association of wavy-banded structure, granular texture and 
the mineral greenalite is so striking and consistent throughout the Gunflint 
formation that a genetic relationship is implied. As previously outlined 
the evidence indicates that a) granules formed in a viscous medium prior 
to complete consolidation of chert and b) greenalite formed contemporaneously 
with, or immediately prior to, final crystallization of chert. It is suggested 
that hydrous silica-ferrous iron gel with minor impurities was originally 
deposited in thick beds ; adjustment was initiated as a result of dehydration and 
shrinkage ; adjustment consisted of three simultaneous diagenetic activities : 
a) union of ferrous iron and silica in the form of greenalite, b) aggregation of 
chert and greenalite in granular form, c) rearrangement of silica into wavy 
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banded layers and lenses, and d) expulsion of mechanical impurities to the 
margins. 

The chemical and physical features controlling formation of granules are 
imperfectly known and undoubtedly very delicate. Relations in the Gunflint 


Fic. 10. Hematite-rimmed chert granules. Upper taconite facies. Note coarse 
grained chert within granules and spherulitic chert between granules. Hematite 
blades project into granule but unite to form a smooth outer rim. (Xx 30—crossed 
nicols. ) 

Fic. 13. Volcanic shards in crystalline limestone. Upper limestone member, 
Port Arthur. (x 30.) 
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formation suggest the following requirements: a) presence of silicic acid in 
appropriate concentration, b) oxidation potential close to the neutral point, c) 
acid environment, d) static environment of long duration, and e) absence of 
“marine” salts in significant quantities. 

Upper Banded Chert-Carbonate Facies.—Interbanded chert-carbonate 
rocks of this facies extend from the vicinity of Kakabeka Falls northeastward 
to the head of Thunder Bay. The facies is 50 feet thick at Kakabeka, 25 feet 
thick at Port Arthur and 200 feet thick in the Loon Lake Area. 

The chert-carbonate rock is strikingly banded in shades of gray and brown. 
Individual bands range from 1/8 to 20 inches thick and are generally per- 
sistent along strike. The chert is generally gray in color and in places pale 
brown due to finely disseminated carbonate ; it is commonly finely laminated 
and speckled with black carbonaceous material; a minor proportion is opaline 
and jasper occurs locally in the Loon Lake area. Carbonate bands range up 
to 20 inches thick. At Kakabeka, siderite is by far the dominant carbonate. 
Along the Current River, siderite is abundant but replacement by dolomite is 
common. At the head of Thunder Bay the carbonate consists of an intimate 
mixture of siderite, dolomite and ankerite; dolomite and ankerite occur as ir- 
regular disseminations and as fracture fillings in which case anthraxolite is 
intimately associated. The following partial analyses of the facies in the Loon 
Lake area indicates the complex composition: Fe (total)—17.69; SiO,—- 
38.73 ; Al,O,—3.03 ; CaO—13.75 ; MnO—0.49 ; Phos.—1.37 ; S—0.22. 

Folding and brecciation of a severe nature are exposed in a rock cut 1/4 
mile west of the Pass Lake bridge on the Canadian National Railway line in 
McTavish Township. Within a horizontal interval of 450 feet, banded chert- 
siderite has been folded into a broad anticline with intricate drag folds on 
both limbs. Towards the crest of the major -fold, intense brecciation has 
destroyed all evidence of original banding. This portion of the fold now 
consists of innumerable angular fragments of banded chert ranging up to 3 
feet long distributed helter-skelter in a dark gray, siderite matrix (Fig. 11). 
Occasional chert bands on the limbs of the fold are brecciated. At first 
glance, brecciation appears to have been controlled solely by folding. How- 
ever, chert beds in a sharp recumbent fold on the west limb of the major 
anticline are not brecciated (Fig. 12). Why is brecciation absent at this point 
of extreme flexure? It appears that brecciation was controlled more by the 
degree of dehydration, hence the brittleness, of the chert. Zones of intense 
folding and brecciation of this type occur sporadically in the upper 50 to 100 
feet of the Gunflint formation. The brecciated iron formation is overlain by 
flat-lying Rove shale hence deformation occurred in Gunflint time. The 
zones of deformation may represent loci of volcanic activity, some possibly 
representing passageways of forceful liquid upsurge in connection with sub- 
maring springs. 

In the Kakabeka Falls-Port Arthur area banded chert-carbonate grades up- 
wards within a vertical interval of 15 feet to green granular chert of the 
overlying taconite facies. The transition is exposed in the banks of the 
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Fic. 11. Folded and brecciated Upper banded chert-carbonate facies; on C. N. 
Rly. 3 mile west of Pass Lake road bridge. 

Fic. 12. Recumbent fold in Upper banded chert-carbonate facies; same loca- 
tion as Fig. 11. 


Current River north of Port Arthur. To the northeast the banded rocks 

grade upwards within 10 feet to interbanded chert and limestone. 
Chert-carbonate rocks appear to have formed in a broad, shallow, lagoonal 

swamp in the same manner as their counterpart in the lower cycle. The 
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presence of calcium and magnesium-bearing carbonates in the northeast por- 
tion suggests limited circulation with marine waters in that area. 


Upper Limestone Member 


The limestone member marks the top of the Gunflint formation. Outcrop 
distribution indicates original continuity over the entire formation. It ranges 
from 5 to 22 feet thick, and consists essentially of limestone or dolomite inter- 
banded with chert and shale. In the Whitefish Lake area the rock is formed 
of dark limestone interbanded with dark gray chert. In Port Arthur, both 
limestone and dolomite are present. The limestone is mainly coarsely crystal- 
line and contains thin layers and lenses of shaly material representing altered 
volcanic ash which impart a crude foliation. Round grains of illite with con- 
siderable leucoxene associated are common. Well preserved volcanic shards 
(Fig. 13) are concentrated along certain bedding planes. Towards the east 
end of Port Arthur city (corner of Banning and Waverly streets) the member 
consists of interbedded dolomitic limestone and gray granular chert. Narrow 
breccia zones contain quartz stringers with disseminated grains of anthroxolite. 
Dolomite occurs in massive beds 1 to 2 feet thick; interbanded green, massive 
chert occurs in beds up to 6 inches thick. Interbedded limestone and chert 
is intermittently exposed along the north shore of Thunder Bay. On the 
boundary line between MacGregor and McTavish townships the member con- 
tains coarse pyroclastic fragments embedded in limestone. The occurrence of 
coarse tuff in this area with its apparent absence to the southwest suggests that 
active volcanism shifted northeastward in Upper Gunflint time. 

The limestone member everywhere grades up to Rove shale. A typical 
gradation is exposed on the Lookout escarpment of the Current River. The 
sequence in descending order is as follows: 


Shale—black, fissile, rusty weathering ................ 20 feet 
Limestone—dark gray, medium grained .............. 1 
Shale—black, fissile, rusty weathering ................ 5 
Dolomite—illite grains, pyrite, interbedded chert ....... 4 


The limestone member marks a sudden and permanent break in the sedi- 
mentary history of the Gunflint basin, separating as it does two sharply con- 
trasting sedimentary rock types, namely, iron formation below and tuffaceous 
shale above. Some catastrophic event halted the formation of iron- and 
silica-bearing rocks, induced a brief period of calcium-magnesium-carbonate 
precipitation, followed by shale-forming conditions of long duration. It is 
suggested that increased volcanic activity resulted in significant changes in 
basin configuration, thus permitting a) widespread entry of sea water with 
attendant calcium-magnesium-carbonate deposition, and b) large scale influx 
of shaly pyroclastic material to the basin of deposition. These twin results 
ended the unique environmental conditions under which the Gunflint formation 
developed. 
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INTERPRETATION 
Sedimentation and Volcanism 


The stratigraphy of the Gunflint formation in the Little Gull Lake area may 
be summarized as follows: 


Member Thickness (feet) 
Upper Limestone 5- 20 


Taconite 


80 
Upper Gunflint Tuffaceous shale 5— 16 Total 200-280 
Algal chert and jasper 48-— 86 


Taconite 
Lower Gunflint Tuffaceous shale 
Algal chert 


Basal Conglomerate 


Upper and Lower Gunflint members each consist of the following con- 
formable sequence: 
Relative water depth 
Facies i at time of formation 
Top Taconite 2 Deep 
t Tuffaceous Shale 
Base Algal Chert : Shallow 


Algal chert facies were formed in shallow water and taconite facies in 
relatively deep water. Thus, the three facies, combined as a sedimentary 
member, bear the imprint of fluctuating water level. Further, the two mem- 
bers, combined as a formation, demonstrate cyclic fluctuations of water level 
and cyclic deposition of iron-bearing sediments. Clearly, facies alternations 
reflect the response of iron-silica precipitates to a cyclically changing environ- 
ment of deposition. 

Volcanic material appears in the sedimentary column at two main hori- 
zons, namely, Lower and Upper tuffaceous shale. The Lower and Upper 
tuffaceous shales facies immediately overlie shallow-water sedimentary facies, 
and immediately underlie relatively deep water sedimentary facies. That is 
to say, tuffaceous shale separates shallow and deep water facies. Clearly, 
active pyroclastic distribution coincided with alternations in water depth. The 
relations indicate that cyclic volcanism was genetically related to cyclic crustal 
fluctuation in the Gunflint basin. Cyclic crustal fluctuations, in turn, induced 
cyclic deposition of iron-silica bearing rocks. In brief, cyclic volcanism and 
cyclic sedimentation went hand-in-hand. 


Source of Iron and Silica 


The source of iron and silica contained in Precambrian iron formations 
has been attributed to either deep-weathering of a basic igneous terrain or 
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direct volcanic contributions. Proponents of a weathering origin are gen- 
erally agreed that the iron and silica were leached from a land area of very 
low relief that was approaching peneplanation. The climate is considered to 
have been tropical (Gruner, Gill, Moore and Maynard, Sakamota) or possible 
arid (Woolnough). In either case, mature weathering with attendant chemi- 
cal weathering is stated or implied. The iron is considered to have been 
transported either in the ferric state under normal oxidizing environment, 
or in the ferrous state under an “abnormal” Precambrian reducing environ- 
ment. On the other hand, a volcanic source for iron and silica was proposed 
by Winchell (14) and later expanded by Van Hise and Leith (13). The 
theory proposes that iron and silica were transported to the place of sedimenta- 
tion either in hot solutions migrating from eruptive material during solidifica- 
tion, as meteoric water working upon subaerially extruded material, or by 
direct reaction of hot magma with sea water. 

The weathering source of iron and silica does not appear to apply to the 
Gunflint formation. The main objections to such a source are 1) the com- 
plete lack of maturely weathered residual material in the Gunflint area or 
environs ; 2) the difficulty of transporting ferric iron in surface waters to the 
site of deposition followed by reduction to the ferrous state (as prevails in the 
Gunflint) without the aid of abundant organic matter (which is quantitatively 
absent in the Gunflint) ; 3) the improbability of an “abrormal” reducing at- 
mosphere during Gunflint time, which would have permitted weathering and 
surface transportation of iron in the ferrous state; and finally 4) a principal 
objection that applies in a broader sense, the absence of Gunflint-type iron 
formations from all rocks younger than Precambrian in age. 

On the contrary, a volcanic source of iron and silica is indicated for the 
Gunflint formation. A direct and sympathetic relationship between volcanism 
and the iron formation is indicated by the presence of pyroclastics and lava 
along certain horizons in the iron-bearing rocks, and, in a larger and more 
significant sense, the cyclical coordination of volcanism and sedimentation. 
The cyclical nature of volcanic activity is well known. In this respect, the 
volcano Santorin (1) in the Aegean Sea is significant. It was first recorded 
in 1650. The history of the volcano has been one of periodic outbursts—1650, 
1707, 1869—<during which ash and tuff were deposited in varying quantities, 
alternating with relatively long periods of rest, which were characterized by 
sustained discharge of ferrous-carbonate-bearing gases and solutions. Ob- 
servers of Santorin report that submarine discharges of ferrous carbonate solu- 
tions quickly oxidize to red ferric iron precipitate upon approaching surface 
waters ; oxidation is a result of surface oxygen combined with the mildly alka- 
line influence of sea water. However, in Gunflint time, submarine discharges 
of ferrous iron would not necessarily oxidize in deep water and in the domi- 
nantly acid environment of deposition envisaged for the Gunflint basin. As 
a result, ferrous iron discharges could remain in the reduced state during 
transportation, precipitation and lithification. 

In conclusion, the main mass of iron and silica contained in the Gunflint 
formation appears to have been contributed to the basin of deposition as a 
product of volcanic activity, possibly through hot-spring activity and mineral 


590 A. M. GOODWIN 


alteration of extruded volcanic material. Paradoxically, the scarcity of readily 
recognizable volcanic material such as flow and ash explains, in a sense, the 
existence of the iron formation itself: explosive volcanic activity was at a 
minimum during Gunflint time and chemical volcanic activity at a maximum. 
Had the activities been reversed the Gunflint would be the site not of iron 
formation but of large masses of pyroclastics and flows. In brief, pyro- 
clastics, flows and iron-silica solutions were all products of volcanic activity 
during Gunflint time ; pyroclastics and flows were the products of brief periods 
of explosive activity, iron-silica solutions the products of long sustained periods 
of chemical activity. The ultimate cause of volcanic activity of a type re- 
sulting in large scale discharge of iron and silica solutions during Gunflint 
time, and, indeed, Precambrian time in general remains a petrographic problem. 


Environment 


Shallow water facies of the Gunflint formation contain a higher proportion 
of ferric iron in the form of hematite and magnetite compared to deeper water 
facies. For example, in the Lower algal chert facies, hematite occurs in algal 
structures and in closely associated granules. In the Lower west taconite, 
facies, hematite-magnetite-bearing taconite appears in abundance in the upper 
100 feet of the facies. The Lower east taconite facies contains hematite- 
rimmed granules, hematite-bearing algal structures and local concentrations of 
massive hematite. The Upper algal chert facies contains, from bottom to top: 
2 to 10 feet of jaspery taconite with jasper veinlets; 1 to 3 feet of algal chert 
and 42 to 70 feet of bedded, jaspery taconite. In the Upper taconite facies 
hematite-bearing granules are abundant in the upper 75 feet of the facies. 
Thus, ferric oxide minerals occupy several persistent stratigraphic horizons 
and occur in a large variety of rocks. Studies of the facies have shown that 
the ferric state of oxidation was largely reached during precipitation and lithi- 
fication rather than by later weathering or other alteration. It follows that 
the environment was oxidizing during formation of the hematite-magnetite- 
bearing rocks. Oxidation may be attributed to organically-produced oxygen 
in those cases where algal structures are closely associated such as the Lower 
algal chert facies, Lower east taconite facies and the lower beds of the Upper 

. algal chert facies. However, in the Lower west taconite and Upper taconite 
facies, algal structures are 100 vertical feet distant from hematite-bearing 
rocks ; similarly, in the Upper algal chert facies, hematite is an abundant con- 
stituent 70 vertical feet above the algal-bearing horizon. It is highly improb- 
able that cxidation in these cases resulted from oxygen produced by algal ac- 
tivity. The most reasonable explanation is that the atmosphere of the Gun- 
flint basin was oxidizing during Gunflint time. All surface and near-surface 
chemical activity would thus be influenced by atmospheric oxygen resulting in 
the formation of ferric oxide minerals. The mineral composition and facies 
distribution of the Gunflint formation indicate that such occurred. Hence, 
an “abnormal” reducing atmosphere during Gunflint time is considered 
improbable. 

The preponderance of ferrous iron minerals together with the quantitative 
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absence of reducing agents in the Gunflint rocks (the banded chert-carbonate 
rocks excepted) indicate that iron was transported and deposited largely in 
the ferrous state. This required either a decidedly acid environment or one 
with a very low oxidation potential on the negative side of zero. Since the 
evidence points to an atmosphere with a positive oxidation potential during 
Gunflint time, an acid environment is strongly implied. Such an acid environ- 
ment appears to have resulted from large-scale discharge of acid volcanic solu- 
tions into the basin of deposition. 

In conclusion, it is considered that iron- and silica-bearing, acid solutions 
of volcanic source were contributed to a relatively isolated basin of deposition 
thus concentrating sufficient iron and silica to permit deposition of the iron 
formation. The basin of deposition appears to have bordered open sea-water, 
at least in part, as indicated by abnormally high calcium and magnesium 
content in northeastern facies of the formation. 


Distribution and Origin of Magnetite 


Magnetite is present in significant amounts in the following four sedi- 
mentary facies of the Gunflint formation—Lower and Upper algal chert, 
Lower west taconite and Upper taconite. In general, magnetite occupies 
broad stratigraphic horizons within these facies. 

Magnetite-bearing beds have been observed intermittently throughout the 
length of the Lower algal chert facies. In the Gunflint Lake district, 
Broderick (2) reports 5 to 10 feet of beds containing from 50 to 60 percent 
magnetite near the base of the division. In the Bishop Lake area, Gill (4) 
reports a few thin beds very rich in magnetite; for example, one 4 inch-thick 
bed contains 75 percent magnetite. In the Little Gull Lake area occurs 4 
feet of material with 70 percent magnetite. At Hillside Station near Silver 
Mountain the facies includes a 5-inch-thick bed of nearly solid magnetite im- 
mediately overlying algal chert; four miles north of this point, in the vicinity 
of Pitch Creek, there is a 6 inch-thick band of nearly solid magnetite overlying 
algal chert. Finally, where Hodder Avenue crosses the north branch of the 
Current River north of Port Arthur, a 6- to 12-inch-thick band contains 
about 75 percent magnetite. 

Magnetite is common in the upper beds of the Lower west taconite facies. 
It occurs as rims around greenalite granules and as disseminated grains in a 
cherty matrix. It is normally confined to beds ranging up to 4 feet thick that 
alternate with thicker bands of normal greenalite taconite in which magnetite 
is absent. Gill (4, p. 87c) reports local concentrations up to 60 percent iron 
oxides in the North Lake area. In the Bishop Lake area samples of taconite 
contain 34 percent magnetite. Near Little Gull Lake the facies contains thin 
beds averaging 30 percent magnetite. 

Magnetite is a minor constituent in most rocks of the Upper algal chert 
facies. It typically occurs towards the centre of mixed greenalite-hematite 
granules and pisolites. It normally comprises less than 10 percent of the 
beds. Gill (4, p. 88c) reports that in the North Lake area, where sills appear 
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in close proximity, some beds contain up to 65 percent magnetite and many 
contain between 30 and 60 percent. 

In the Upper taconite facies, magnetite is a common constituent of 
greenalite granules. The proportion of magnetite varies greatly from one bed 
to another. In the Little Gull Lake area beds containing 35 percent magnetite 
by weight are common. 

Much of the magnetite in the Gunflint formation was formed by thermal 
metamorphism accompanying diabase intrusions. Such occurred in much of 
the Lower and Upper taconite facies in the interval from Little Gull Lake to 
Gunflint Lake where sills and dykes are abundant. In the northeastern 
portion of the district, however, diabase intrusives in the Gunflint formation 
are relatively scarce, and the relationship between intrusive and magnetite 
obscure. In the Lower algal chert facies, in particular, as well as portions of 
the Lower taconite facies, magnetite-bearing zones, which are intimately inter- 
banded with unaltered hematite- and carbonate-bearing zones, have no ap- 
parent relationship to metamorphic agents. Some of this magnetite may have 
been formed either by direct primary precipitation or by diagenetic alteration 
to magnetite of an unstable iron precipitate. 


Distribution and Origin of Silicate Minerals 


Greenalite is the most common iron silicate mineral present in unaltered 
phases of the Gunflint formation. It occurs in all facies with the exception of 
tuffaceous shales and banded chert-carbonates. Greenalite from several 
localities in the Gunflint was identified initially by X-ray analysis following 
which optical properties were used for general identification. As previously 
described greenalite typically forms round to elliptical granules ranging up 
to 3mm in diameter. It ranges from light green to olive green in color. The 
index of refraction averages 1.68. Most granules in fresh taconite show little, 
if any, sign of alteration. In a few places, magnetite, hematite or siderite are 
minor constituents of the granules. Greenalite granules are considered to 
have formed by mineral and textural adjustment during lithification of a 
primary hydrous silica-ferrous iron gel. 

In proximity to diabase sills and dikes, taconite is variably altered to 
secondary silicates. The secondary minerals generally form small, radiating 
clusters of bladed and fibrous needles. Generally they are intimately associated 
with greenalite granules and have clearly formed by recrystallization of 
greenalite. Magnetite is invariably associated. Increased metamorphism has 
resulted in complete destruction of the granular form with development of a 
decussate texture. Most of the secondary silicates have the properties of 
amphiboles. A variety of minerals appears to be present; however, the 
properties indicate that actinolite and grunerite are most common. 

Illite is a fairly common constituent of tuffaceous shale facies. It occurs 
both as alteration rims around pyroclastic fragments and in spherical forms 
similar in shape and size to greenalite granules. A partial analysis of illite * 


2 Sample submitted by Professor Tyler to analyst William Pasich, Chief Research Chemist, 
Jones and Laughlin Steel Corporation Research Laboratory, Negaunee, Mich. 
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taken from an outcrop of Upper tuffaceous shale on the north shore of 
Thunder Bay at the common line between MacGregor and McTavish Town- 
ships gives the following results: Total Fe—3.45, SiO,—54.90, Al,O,—22.07, 
TiO,—0.20, CaO—0.11, MgO—3.63. The material was identified by Pro- 
fessor S. W. Bailey as illite (“low in iron but with some characteristics of 
glauconite pattern”). H. S. Yoder, Jr., of the Geophysical Laboratory, 
Washington, D. C., later identified the material sent to him by Professor Tyler 
as IM-Muscovite. Yoder states, “It is likely that your material was originally 
IMd-Muscovite [illite] and has been ordered by metamorphism [or time] to 
IM-Muscovite” (brackets inserted). The relations suggest that IM-Musco- 
vite granules, similar in shape and size to greenalite granules, formed by 
diagenetic alteration of small pyroclastic fragments, first to illite (IMd- 
Muscovite), then to IM-Muscovite. 

Chloritic material in amygdules of Gunflint lava was identified by Pro- 
fessor Bailey as a mixture of iron-magnesium chlorite with an X-ray pattern 
similar to that of “type” chamosite from Chamoson, Switzerland (Bannister 
and Whittard, Min. Mag. 1945, Fig. 3) with traces of illite. Locally, near 
Blende Lake in the Thunder Bay district, illite grains are altered peripherally 
to a pale green, fibrous mineral with the optical properties of antigorite or 
delessite (Nm = 1.59-1.60). Alteration of this type is apparently confined to 
the Thunder Bay area. Rocks in this area are comparatively rich in dolomite 
and ankerite indicating original concentrations of magnesium salts in this 
portion of the basin of deposition. The relations suggest that illite was altered 
authigenetically to antigorite in the presence of magnesium-bearing waters. 

Minnesotaite is the most abundant silicate mineral in the Biwabik formation 
of Minnesota according to Gruner (6). Another common mineral is stilp- 
nomelane. Both minerals characteristically occur aggregated in granular 
form, as alterations of greenalite granules, as matrix material to greenalite 
granules, as isolated crystals or radiating needles and sheaves, and as vein 
minerals with quartz cutting the iron formation. They are considered by 
Gruner (6) and H. L. James (7) to be primary or diagenetic minerals. 

In contrast to the situation in the Biwabik formation, minnesotaite and 
stilpnomelane are quantitatively absent in the Gunflint formation. This com- 
prises a fundamental difference between the two formations. Their quanti- 
tative absence in the Gunflint formation—a relatively unaltered iron formation 
in which metamorphic effects are negligible—indicates that the two minerals 
have been formed elsewhere by secondary recrystallization of primary iron 
minerals rather than by primary precipitation or diagenetic alteration. In this 
connection, it is noted that the Embarrass granite, intrusive into the Biwabik 
formation over much of its length, is absent from the Gunflint formation. Ab- 
sence of younger granite and accompanying metamorphism in the Gunflint 
formation may explain the absence of minnesotaite and stilpnomelane. It is 
noted in passing that large scale development of secondary silicates such as 
minnesotaite and stilpnomelane is considered by Tyler (12) to favor oxidation 
and leaching of iron formation to form hematite ore bodies. In this connec- 
tion, absence of minnesotaite and stilpnomelane is possibly related to the ab- 
sence of hematite ore bodies in the Gunflint in contrast to widespread ore 
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occurrences in the Biwabik. In summary, the relations suggest that in the 
absence of younger granite, minnesotaite and stilpnomelane did not form in 
the Gunflint formation, hence, conditions did not favor development of hema- 
tite ore bodies. 


Historical Resumé 


The locus of Gunflint activity was a broad, relatively shallow basin with 
limited marginal circulation with open sea water. The basin was situated in 
a region of volcanic activity. Although removed somewhat from the center 
of activity, it was connected to it by stream flowage and other water circula- 
tion. Volcanism played a dual role: it provided a steady source of iron and 
silica-bearing solutions and it induced cyclical fluctuations in the basin of 
deposition. The result was cyclic deposition of iron and silica-bearing 
sediments. 

The sedimentary history of the basin began with the strand advancing 
slowly over a pediment surface. Rubble and rock fragments were worked 
over and lithified to form a thin basal conglomerate. In the shallow-water 
environment, algae flourished on wave-swept basement rocks accompanied by 
precipitation of silica and hematite. Volcanic unrest resulted in sinking of 
the basin relative to water level. This was accompanied by wide-spread dis- 
tribution of ash and tuff of the Lower tuffaceous shale facies. Following this, 
granular rocks of the Lower west taconite facies started to form in deeper 
portions of the basin. At the.game time, shallow, lagoonal marsh conditions 
prevailed in the Kakabeka Falls-Port Arthur area wherein cherty carbonates 
of the Lower banded chert-carbonate facies formed. Farther northeastward, 
beyond the marsh environment and near the margins of the basin, Lower east 
taconite formed in agitated, oxygenated waters. As water level gradually 
decreased in the basin, conditions of algal growth returned. This initiated the 
Upper Gunflint cycle. 

Widespread volcanic activity and crustal unrest followed resulting in 
wholesale distribution of pyroclastics (Upper tuffaceous shale). An oc- 
casional tongue of lava moved to rest upon lithifying iron-bearing sediments. 
The basin sank relative to water level whereupon granular rocks of the Upper 
taconite facies began to form in deeper portions of the basin to the southwest. 
Shallow, lagoonal swamps again prevailed northeastward wherein Upper 
banded chert-carbonate rocks formed. The accumulating sediments of the 
Upper cycle gradually approached water surface. Before reaching this posi- 
tion, however, violent and long prevailing volcanic activity and crustal unrest 
induced entry of sea water resulting in formation of the Upper limestone 
member followed by Rove shale. This marked the close of iron and silica 
deposition in the Gunflint area. 


ALcoMA Ore Properties, Ltp., 
JAMESTOWN, ONTARIO, 
April 23, 1956 
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SCIENTIFIC COMMUNICATION 


TO TEACHERS OF GEOLOGY 


During this somewhat hectic period of maximum employment and easy 
money, the obligations of a teacher of geology to his students are frequently 
overlooked. It is all too easy to say: “Times are good, boys! Go out and 
make it while you can—that is what I am doing.” 

Our colleges and universities are training future leaders—supposedly well 
educated young men and women of unimpeachable moral integrity, and with 
broad vision and imagination. In no field of endeavor are such leaders needed 
more than in the fields of the earth sciences. How well are we who teach ge- 
ology doing our part? Are we training the leaders who are so badly needed? 
Do we ever emphasize—or even mention—the ideal human character, or the 
ideal ends of human action? In a much more prosaic manner, do we even 
emphasize the fact that full services must be delivered for obligations incurred ? 
The incurred obligations may be financial or otherwise, but it is in the field of 
financial obligations that the temptations to deviate from desirable standards 
are greatest. 

Most companies for whom young people work these days are owned by 
stockholders, made up of the average citizens of the country. There is an 
increasing appreciation of the fact that executives and staffs of these companies 
are really working for, and have definite obligations and responsibilities to, 
their stockholders. Among the main items in the success or failure of any 
business enterprise, are the integrity and moral fiber of the management, and 
the confidence in the management shown both by the stockholders and by other 
business associates. Without this confidence the management and the com- 
pany will fail. Management and staff must be carefully selected, and moral 
integrity ranks high in this selection. 

College instructors have not only a unique opportunity to help guide young 
people during their early professional years, but they also have a serious re- 
sponsibility to do this. The moral habits and character of individuals are 
largely crystallized during early formative years—those years in college and 
before. Thus a college teacher probably exerts greater influence on the de- 
velopment of moral integrity and character of young people than does any 
other person outside of the home. Young people tend to learn by example. 
They commonly have confidence in and emulate their instructors—and they 
should. The natural tendency is to do as the instructor does. Hence the 
first responsibility of a teacher is to set his own standards at a higher than 
acceptable level, and to lean over backwards to maintain these standards. 
All of us remember one or more of our teachers or associates from whom we 
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have obtained inspiration and courage. We respect these teachers and asso- 
ciates, not only for their professional ability, but also for their undeviating 
incorruptibility—they were “square shooters.” It also seems to follow that 
where more than an occasional individual from a given institution commits 
a serious breach of ethics, the actions of one or more of his professors are open 
to question. An instructor with questionable ethics has no business teaching. 

An instructor must follow not only his own carefully thought out code of 
conduct, but he should also take the time to point out some of the more com- 
mon pitfalls to his students. What are these pitfalls, and how may they be 
avoided? To define a successful man is not easy, and all too often people 
consider that money and success are synonyms. Certainly a successful person 
has a degree of financial independence, but he also has a carefully nurtured 
self respect and the respect of others who know him. Young people naturally 
want to get ahead quickly. They may be tempted by the thought of financial 
independence and professional recognition without having earned them. Of- 
fers of higher salaries are enticing, and obligations to employers are easily 
shunted aside. A person must, of course, be free to change positions and 
thus to better his working and living conditions. Nevertheless, where a com- 
pany has invested time and money in the training of a young person, that per- 
son has a definite obligation to stay with the employer at least long enough 
to return the investment. Under no circumstances should a person leave one 
company and enter the employ of a competitor in the same district, without 
the lapse of an adequate period of time—say two years. To do otherwise is 
to capitalize for personal benefit, by selling to a competitor information that 
rightly belongs to an employer. 

A young geologist with a continuous need for cash may undertake a few 
consulting and examination jobs. There is nothing wrong with legitimate 
promotion of mining or oil properties. It is an interesting necessary business, 
but unfortunately one that lends itself readily to manipulations by the unscru- 
pulous. It is a field of many pitfalls for the beginner and the naive. In the 
first place the geologist should clarify his degree of proficiency in the field of 
inquiry. How much does the average mining geologist know about sedimen- 
tation? The instructor should point out to students that they are held mor- 
ally, and also legally, responsible for publication of promotional materials over 
their names, whether or not they are aware of the specific publication. They 
must be cautioned to retain the right to edit excerpts removed from context 
and published for promotional purposes. Examples where parts of reports 
were used in prospecti have been recognized repeatedly during the recent 
uranium boom, and one might add that, while individual geologists may have 
added temporarily to their exchequer, the end results have been unfortunate 
for them professionally. 

Plagiarism ordinarily does not involve money, but it is a form of self-glory 
combined with mental laziness that may lead to practiced intellectual dishon- 
esty. Nobody can hope to keep abreast of all geclogic literature and ideas, 
but giving credit to others helps a man’s self respect and has never yet hurt 
anyone. 
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Finally, claim jumping and other types of “land grabs” by whatever name 
should be mentioned. While conceivably unintentional, most “deals” of this 
type must be relegated to the realm of intentional dishonesty. This is the 
quickest possible way to end a career in geology. 

A questionable reputation in the geologic profession is a serious handicap 
for a young person who is starting his career. The field of geology is small, 
as professional fields go, and much business is conducted on a person to per- 
son basis. A shady reputation is quickly and widely recognized, and its owner 
is quickly shunned. Geology teachers indeed have a serious responsibility. 
They must make every effort to help young people start their life’s work with 
a maximum of knowledge and a minimum of handicaps. We in the teaching 
profession can always improve our instruction, but let’s not forget the field 
of ethics. 

CuaArLes F, Park, JR. 


ScHoot oF MINERAL SCIENCES, 
STANFORD UNIVERSITY, CALIFORNIA, 
May 25, 1956 
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SOCIETY OF ECONOMIC GEOLOGISTS 


THE MINING EXPLORATION MAN, 
HIS ETHICS—A PROFESSIONAL CHALLENGE* 


THOMAS W. MITCHAM 


GENERALLY, the geological profession does not have a formal code of ethics as 
some other professions do. Even in professions which do have codes of ethics, 
malpractices do take place. 

In practice, codes of ethics cannot police a profession, but such codes do 
set standards about which young men will rally, eventually resulting in a 
firm structure of the moral and morale dimensions of the profession. 


WHAT PRICE? 


Many geologists and other mining men have viewed certain practices, dur- 
ing the current uranium boom, with chagrin. It has been said that a geolo- 
gist’s favorable opinion can always be “bought” in the vicinity of uranium- 
producing areas. Such opinions are reportedly “bought” by unscrupulous 
promoters to dupe the public. 

I believe that there have always been a few individuals in the profession 
with bad ethics—perhaps such malpractices are more numerous and/or more 
obvious in uranium boom areas. 

The overwhelming majority of geologists are devoted men who are dedi- 
cated to the love of truth, and who would strongly condemn such malpractices. 
If malpractices have been more numerous during the uranium boom, I believe 
that a part of the blame can be assigned to the general absence of a defined code 
of ethics and conduct. 


ENGRAVED IN STONE 


The ethics of a professional man are revealed in his reports—there en- 
graved for all time. The geologist may well assume that any report which 
he writes will be viewed by hundreds, or even thousands of men. It may be 
reproduced many times, and, once released, it is a part of the writer’s record 
which he can never erase. Old reports have a habit of turning up to con- 
front the writer even after a decade or two of time have passed. 


ONE OPINION 


In practice, the profession of mining exploration is parallel to the medical 
profession. Often, neither the exploration man nor the medical man can use 


1 Presented before the Grand Junction Geological Society on April 22, 1955. 
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his senses to view or feel the object which he is analyzing. Both men are 
dealing with symptoms. If either man ignores a symptom unintentionally, 
he is guilty of incompetence—a charge which can be brought against all men 
at times. If either man ignores a symptom intentionally, he is either dis- 
honest in fact, or intellectually so. 

Both the exploration man and the medical man develop reasoning based 
on observed symptoms, producing an opinion—the medical man’s opinion de- 
fining the point of infection or maladjustment—the exploration man’s opinion 
defining the existence or extension, position, and nature, of an orebody. 

Opinions in both professions may vary even markedly depending on the 
examiner. Also, the professional man may change his opinion when con- 
fronted by new data or upon reviewing his reasoning. However, it is most 
unethical for a professional man to release different opinions on the same sub- 
ject to serve different purposes. 

The mining exploration man’s opinion on the following should not vary 
with, and due to, the interests he represents : 


1. The probability of existence or extension of a given orebody. 

2. Nature of an exposed orebody, a hypothetical orebody, or one inter- 
sected only by drill holes, i.e. relative to their spatial positions, grade-tonnage 
dimensions, or operating profit content. 

Except for changes for scientific or technical reasons, the exploration 
man’s opinion, on the same subject, must be the same for the buyer, seller, 
investor, or any other interests which he may represent. I believe the large 
majority of exploration men accept this rule as obviously applicable to the 
profession. 

THE TROJAN HORSE 


It has long been accepted, though not specifically defined, that when a ge- 
ologist changes from one organization to another, he does not use the con- 
fidential information of the former to his gain or to that of his new associates. 
I believe that a number of geologists have observed recent violations of this 
rather obvious rule of conduct. The rule applies to men changing from one 
company to another, from a company to work for themselves, and from a gov- 
ernment agency to a company. 

Mining companies often reveal information to government agencies which 
would be considered as confidential relative to competitors. Such informa- 
tion in the hands of a government geologist is obviously a trust—never to be 
violated. 

If an exploration man has concentrated his efforts in one area for an or- 
ganization, he should avoid the appearance of evil by staying out of that area 
for a reasonable length of time after he joins a new organization. 


COM PETENCE 


I have stressed the belief that exploration is a specialty.? Geological stud- 
ies alone are not exploration nor is a geological report necessarily an explora- 


2 Mitcham, Thomas W., Discovery thinking in ore-search: Mining Engineering, vol. 7, No. 
2, p. 140-141, 1955. 
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tion report. If the report recommends expenditures, an aggregation of geo- 
logical terms or even a proficient geological presentation does not justify the 
recommendation unless such presentations are used to logically develop the 
recommendation. 

It appears that some geological reports, prepared for mineral-right owners 
and promoters, consist of only three basic items: (1) geological descriptions, 
(2) a conclusion very favorable to the purchaser of the report, and (3) signa- 
ture of a geologist. Often the geological descriptions do not appear to justify 
the conclusion. 

In such cases, one might well surmise that the geologist only supplies his 
name, and geological descriptions, to the promoter’s conclusion, which he was 
paid to adopt—supplies his name, engraved in stone. 

I believe that many geologists have observed reports which fit the above 
pattern—one apparently of either purposeful or intellectual dishonesty. 


CONCLUSION 


Comments in this paper apply to the mining exploration geologist ; however 
some of the comments might well apply to all men in the field of mineral 
exploration. 

A Code of Ethics for the Society of Economic Geologists should include 
statements similar to the following: 


1. It is considered unethical for a geologist’s opinion on a given subject to 
vary with, and due to, the particular interests which he represents. 

2. The geologist will not allow the use of his name and geological knowl- 
edge to support a predetermined economic conclusion, which his studies and 
professional judgment do not justify. 

3. During his association with an organization or after resigning from such 
organization, the geologist will not use its confidential information either to his 
personal advantage or to that of other associates. 


May 25, 1956 
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Die Oxydationszone sulfidischer Lagerstaétten. By S. S. Smirnow. Pp. 312; 
figs. 26; thls. 15. Akademie-Verlag, Berlin, 1954. Price, DM 17.50. 


Scientific books and periodicals from behind the Iron Curtain are beginning to 
trickle into this country, many of them arriving from East Germany by way of 
Berlin. The late academician Smirnow’s monograph is such a book—although 
first published in 1936, the author’s friends and colleagues in the Academy of 
Sciences issued a second edition in 1951 which has now been translated from the 
Russian by R. Sallum. Much of the literature that comes from the Communist 
world unnecessarily contains propaganda that we, in this country, consider adverse. 
This is not true for Smirnow’s book, however, because the book was written long 
before the bitter enmity between Russia and the United States became established. 
The free exchange of literature, before the restrictions of the last decade were im- 
posed, is adequately reflected in the bibliography. More than 80 percent of the 
133 references at the end of the book is to American publications and, incidentally, 
almost half of these are to Economic Grotocy. The most recent reference is dated 
1935; hence, as a result of the long delay in translation, the book is not as useful 
as it once might have been. The heavy reliance, moreover, on the American litera- 
ture and the inclusion of very few data on Russian deposits the author collected 
personally will not encourage American readers to take the patience to plod through 
the tedious German descriptions. When comparing the examples Smirnow uses 
to illustrate various types of deposits one wonders whether the subject was virtually 
uninvestigated outside North America before the mid-Thirties. 

Three major parts comprise the book. The first part describes the properties 
and characteristics of the zone of oxidation and the processes that take place there. 
The processes of oxidation are illustrated with interesting incidental information 
that commonly takes the form of comparison. The magnitude and dissimilarity in 
the rate at which individual leached sulfide bodies may be transformed can be illus- 
trated, for example, by the occurrence at Fahlun, Sweden, where the deposit was 
leached only 0.5 mm during the several thousand years since the retreat of glacial 
ice whereas in Ely, Nevada, on an open pit level that lay fallow for only one year, 
chalcocite had 15% of the copper contained in the ore removed from 10 to 15 
meters deep while the chalcopyrite remained unchanged. In the comprehensive 
discussion of groundwater circulation and hydrodynamics Smirnow lists two groups 
of factors that determine the nature of oxidation, namely 1) regional factors (in- 
cluding climate, morphological-tectonic features, general peculiarities in mineraliza- 
tion, chemical properties of the groundwater) and 2) local factors that include the 
character of the orebody (mineralogy, structure, texture), the conditions of em- 
placement (or mode of formation), nature of the hostrock, and the environmental 
conditions of the orebody (including paleogeomorphology). Each of these subjects 
is discussed in detail; in discussing the regional factors Smirnow followed the con- 
cepts of Schneiderhéhn. Part II (214 p.) treats the geochemical relationships of 
some elements in the zone of oxidation of sulfide ore deposits. First Fe and Mn, 
then, in turn, base metals Cu, Pb and Zn, precious metals Ag and Au, and finally 
base and rarer metals, As, Sb, Bi, V, Mo, Sn, Hg, Cd, Ni and Co are described 
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with respect to their solution, transport and precipitation. A special section covers 
the behavior of Si, Al, Ca, Mg, Na and K in the zone of oxidation. The term 
geochemistry, however, is here used in the old, narrow sense; it does not include the 
expanded treatment we have come to apply to it during the last two or three decades. 
The discussion is rather restricted to an elaborate description of the mineralogy 
in the various zones of oxidized orebodies and includes the mineralogy and trans- 
formation products, the migration and precipitation, the transport and concentration 
in the various zones. Exhaustive lists of the minerals that occur in each chemical 
environment and chemical equations that indicate the processes accompany the 
description of each element. The concluding and shortest section in the book deals 
with the peculiarities and significance of the zone of oxidation in applied geology, 
specifically in the exploration, evaluation and exploitation of ore deposits. 

In places Smirnow’s scholarship is brilliant but elsewhere it leaves much to be 
wanted. The three types of limonite (indigenous, transported, exotic) originally 
described by Blanchard and Boswell in their classic work, for example, are replaced 
by two types, namely Fiillungslimonite (cavity-filling limonites) and Verdrangungs- 
limonite (replacement limonites), the latter correspond to what Blanchard and 
Boswell named indigenous limonite. Smirnow objected, in part, to the Blanchard 
and Boswell classification on the ground that it includes limonite derived from 
minerals containing no iron (galena, tetrahedrite). The disagreement is thus 
essentially one between genetic or descriptive classifications but Smirnow’s emphasis 
here on a descriptive one is not entirely consistent with the remainder of the text. 
He goes on to repudiate some commonly accepted concepts by stating that, of 
course, the cavity-filling limonites “exhibit no criteria in their textures that permit 
a determination of the leached material and that it is equally doubtful that specific 
structural-textural properties of the replaced mineral or mineral aggregate can be 
reflected in the textures of replacement limonites”’ (my translation and italics). 
The very important role of color, moreover, although it is casually mentioned, is 
not elaborated. This seems especially unfortunate, as does Smirnow’s failure to 
mention that indigenous limonite favorably indicates minerals bearing copper and 
that transported limonite may give rise to false gossans. S. F. Emmons, who con- 
ceived the secondary enrichment of ore deposits about 1900, is not given the credit 
due him. 

The book is marred by many typographical errors and misspellings, some 
perhaps due to difficulties in transliteration. Some Americans’ names are con- 
sistently misspelled and so are many mineral names. As a compilation of thought 
on the subject until a time about twenty years ago this book is adequate, but its 
modern usefulness must be judged by modern standards. The datedness, illustrated 
among other topics by use of the old chemical classification of silicates, is the book’s 
most serious drawback. Yet the book serves its function of presenting compre- 
hensively foreign ideas on problems that have been a serious concern to American 
geologists. 

Kurt Servos 

YALE UNIVERSITY, 

New Haven, CoNNECTICUT 


The Origin and Nature of Ore Deposits. By Ropert T. WALKER and Woop- 
VILLE J. Wacker. Pp. 384; figs. 111. The Walker Associates, Colorado 
Springs, Colo., 1956. Price, $6.50. 

The authors state that the purpose of this book is essentially practical—“to 
classify and describe the different kinds of ore deposits; to consider their chemical 
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and physical characteristics; and to discuss their environment and mode of forma- 
tion—so as, to facilitate their discovery and development.” 

The book is divided into 28 chapters. The first one on Vulcanism and Orogeny 
is a digest of the authors’ previous book, The Origin and History of the Earth. 
The next four brief chapters deal with Magmatic Gases, Rock Alteration, Min- 
eralization, and Zoning. Under “Zoning” the authors introduce their subdivision 
of space zones, as ectothermal, upper epithermal, lower epithermal, mesothermal, 
hypothermal, upper endothermal, and lower endothermal, each designated by 
specific temperature ranges. There would probably be difficulty in making such 
fine distinctions based upon temperatures of formation. 

The next four chapters are discussions of the divisions of ore bodies based upon 
structural types of channels, namely Fissure Vein Ore Bodies, Mantos, Pipes, and 
Irregular Ore Bodies. In Chapter 10, Mineralogical Types of Ore Bodies, the 
authors give their simple classification of ore bodies as follows: 


Basic ore bodies 
Siliceous ore bodies 
Volcanic type 
Plutonic type 

Pegmatitic type 


The basic consists of the more common base metals and the siliceous ores of pre- 
dominant quartz gangue and precious metals. The following two chapters describe 
each type. Chapters 13 to 15 describe the three types of quartz veins. 

Chapters 16 to 25 take up ore bodies of iron, copper, zinc, lead, silver, gold, 
uranium, minor metals of, respectively, the upper endothermal zone, hypothermal 
and mesothermal zones, and lower epithermal zone. The last three chapters are: 
Indicator Gangue Minerals, Element and Procedure, and The Human Element. 

The general arrangement of the book and method of treatment are somewhat 
unusual, and a little confusing. The authors discard liquids as mineralizing agents 
of hydrothermal solutions and consider that ore deposition takes place by gases 
and vapors. Throughout the volume the pneumatolytic theory underlies all dis- 
cussions. The Witwatersrand gold deposits are lightly excluded from being of 
placer derivation and are classed as “quartz orebodies of plutonic type, occurring 
in manto form. ...” Many parts of the book will raise eyebrows. There are 
many very excellent illustrations. 

A. M. B. 


Uran. By Emi Kon. Pp. vii, 234; figs. 23; tbls. 35. Ferdinand Enke Verlag, 

Stuttgart, 1954. Price, DM 29.—. 

During the last four years so much geological literature dealing with uranium 
has appeared that the general practitioner who attempts to keep abreast of the times 
must be either overwhelmed or transformed into an expert on the subject. Much 
of the published material, unfortunately, does not have a great deal of value. Kohl’s 
book, on the other hand, appearing as Number 10 in a series called Die metallischen 
Rohstoffe, ihre Lagerungsverhiltnisse und ihre wirtschaftliche Bedeutung, is surely 
one of the most comprehensive treatments up to the date of its publication. Since 
then many new data have appeared elsewhere (Proceedings of the International 
Conference on the Peaceful Uses of Atomic Energy, for example) and these await 
incorporation in a future volume. 

Part I (93 p.) describes the properties (including a detailed analysis of the 
decay scheme) ; terrestrial occurrences (including tables that list all uraniferous 
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minerals known to the author with their chemical composition and some physical 
properties) ; description of ores and their extraction; manufacture (including rep- 
resentative flowsheets showing the processes used in different mills) and use; 
history; marketing, evaluation and prices; reserves; and production for uranium. 
Each section is followed by a bibliography that shows the author made a thorough 
search of the literature; the references represent the publications of many countries. 
The second part lists 62 countries, on all parts of the globe—from Antarctica 
to Manchuria and from Norway to Ceylon, where activity in the uranium industry 
is going on. The descriptions of the deposits in each country, especially, are terse 
and succinct; they should therefore be exceedingly helpful to the geologist who 
does not care to search through labyrinthine primary sources. 
The book serves a useful function because it is an excellent accounting of the 
attention given uranium during the first decade of the “atomic age” although it 
contains no arresting new concepts. 


K. S. 


Illustrations of the Huttonian Theory of the Earth. By Joun Prayrair. Pp. 
528. Edinburgh, 1802. Facsimile reproduction by Univ. of Illinois Press, with 
introduction and biographical notes by George W. White, Urbana, Illinois, 1956. 
Price, $4.50. 


Hutton’s original publications on the Theory of the Earth were not widely read. 
They were discussed chiefly by critics of Hutton’s ideas who were proponents of the 
opposing school of thought (Neptunists) taught by Abraham Gottlob Werner. 
These criticisms spurred the friends of Hutton to encourage John Playfair, who 
was Hutton’s closest friend and associate, to publish a summation and commentary 
of Hutton’s views on the Theory of the Earth. This appeared in 1802 under the 
title given above, and it is this volume that has now been reproduced in facsimile. 

The introduction by George W. White gives the reader some of the background 
of Hutton’s writings, and the part of Playfair in bringing Hutton’s views to the 
attention of the world, and of creating the school of “Plutonists” in opposition to 
the “Neptunists” of Werner. The introduction traces the general acceptance of 
Hutton’s ideas and his concept of uniformitarianism, as elaborated by Lyell in 1830. 
White also gives biographical sketches of James Hutton and of John Playfair and 
adds some commentary notes. 

The book itself is a classic that needs no comment here. All students of geology 
have been introduced to Hutton’s ideas, but few have had the opportunity to read 
the original treatise by Playfair. This reproduction will now enable every student 
of geology to become more familiar with the ideas of the father of modern geology. 
A. M. B. 


Handbuch der Mikroskopie in der Technik, Band II, Teil 2 (Mikroskopie der 
Erze, Aufbereitungsprodukte und Hiittenschlacken). Ed. by Huco Freunp. 
Pp. li, 654; figs, 434; tbls. 89. Umschau Verlag, Frankfurt a. M., 1954. Price, 
DM 96.—. 


Ultimately the complete series of handbooks dealing with microscopy in tech- 
nology will consist of eight volumes with the second devoted to the microscopy 
of mineral resources. Part 2 is a superb example in the manufacture of technical 
literature because it includes many splendid illustrations, some of them colored. 

The introductory chapter on the historical development of ore microscopy takes 
us back to the time of the classical studies Tschermak made on polished sections 
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of meteorites. With the development cf the microscope in the Nineteenth Century 
and from the time Sorby made known his observations in the 1860’s the strides in 
microscopic examination by reflected light have been rapid indeed, but the first 
published reports on ore microscopy date from 1814 and are due to Berzelius. 
Systematic investigations on the microscopic determination of opaque minerals 
began during the first decade of this century with the work of Campbell and Knight, 
whose findings were published in the first volume of Economic Grotocy. Since 
then the development in the examination of opaque minerals has kept pace with in- 
strumental advancements. Professor Ramdohr, a preéminent authority on the sub- 
ject, shows, in his contribution, how mineralography finds numerous applications in 
the study of ore deposits. He describes the relationships between ore minerals and 
criteria useful in recognizing their paragenesis. Chapter 3 presents a thorough 
discussion of the properties and distinctive characteristics, in reflected light, of 
iron, manganese, titanium and chromium ores and a separate chapter treats the 
noble and the nonferrous metals, including their ore-dressing, milling and metal- 
lurgy. The remaining chapters, each one by a different expert, cover the micro- 
scopic examination of unconsolidated products and slags; the final one deals with 
silicosis, its cause, prevention, and its treatment. 

The purpose of the book is to serve as a reference manual useful to mineralog- 
raphers and to teachers of ore microscopy but the highly readable style suitably 
permits use of the book as a text. The comprehensive information on polishing 
procedures and the precautions necessary to prevent flaws on polished sections will 
appeal to students and teachers of mineralography. 

K. S. 


New Zealand Geomorphology, Reprints of Selected Papers, 1912-1925. By 
C. A. Cotron. Pp. 281; pls. 15; figs. New Zealand University Press, Well- 
ington; Haffner Publishing Co., New York, 1955. Price, $6.50. 

Professor Cotton’s contributions to geomorphology and geology are familiar to 
all geologists. In this volume are assembled the more important of his early 
papers, all of which have previously been published. Victoria University College, 
of whose geology department Professor Cotton was head for forty-five years, de- 
cided it would be convenient to have these papers brought together for accessi- 
bility, and also as a mark of its gratitude to its distinguished scholar. The papers 
were selected to represent the formative stage of the author’s thinking in helping 
to systematize geomorphology, not only in New Zealand, but throughout the world. 

Sixteen papers have been selected dealing with different phases of the geo- 
morphology of New Zealand, and also illustrating the principles of geomorphology. 

All students of geology will be interested in having these illustrative papers 
assembled in a single volume. 


BOOKS RECEIVED 
KURT SERVOS 


Geologia de la Terraza Continental. T. Garcia CAsTELLANos. Pp. 69; figs. 20. 
Revista de la Facultad de Ciencias Exactas, Fisicas y Naturales, Afio. XVII, Nos. 
3-4, Cordoba, Argentina, 1955. The function of the continental terrace as an In- 
ternational Boundary has many geological ramifications. Here, appropriate data 
are collected as a geologist’s contribution to International Law. 

Mineral Resources Navajo-Hopi Indian Reservations, Arizona-Utah, Vol. I, 
Metalliferous Minerals and Mineral Fuels. Pp. 75; figs. 35; thls. 5. Bureau 
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of Indian Affairs, University of Arizona, Tucson, 1955. This volume, for which 
two companion volumes have already appeared, describes the location, occurrence, 
and evaluation of mineral and mineral fuel deposits in the Navajo country. 
Sedimentary Environment as a Control of Uranium Mineralization in the 
Katherine-Darwin Region, Northern Territory. M.A. Conpon and B. P. Wat- 
POLE. Pp. 14; pls. 3. Bur. Mineral Resources, Geology and Geophysics, Canberra, 
1955. A syngenetic origin is proposed for the uranium mineralization. 

Bull. Tome 79, Nos. 5, 6,7. Pp. 133-245; pls. 2. Société Géologique de Belgique, 
Liége, 1956. 

Geological Report 1955. F. W. Ror. Pp. 241; pls. 50; figs. 29; British Terri- 
tories in Borneo Geol. Survey, Kuching, Sarawak, 1956. Price, M$3. The value 
of mineral exports during 1955 was more than M$330 million; this represents more 
than 60% of the value of products shipped from the colony. Oil accounted for 
most of this amount. Good quality antimony ore was discovered for the first time. 
Quarterly of the Colorado School of Mines, Vol. 51, No. 2. Pp. 81; figs. 3. 
Colorado School of Mines, Golden, 1956. Price, $1.00. The purpose of this num- 
ber, devoted to a bibliography of mining theses at U S. institutions is, in part, to 
stimulate research. 

Legislative Council, Paper No. 16. Pp. 11. Fiji Geol. Survey, Suva, 1956. 
Price, 1s. 6d. Manganese ore is the principal mineral resource in the Fiji Islands. 
Bull. Georgia Acad. of Science, Vol. XIV, No. 1. Pp. 27. Georgia Acad. Sci., 
Emory University, 1956. 

The Oil Producing Industry in Your State. Pp. 81; tbls. 9. Independent 
Petroleum Assn. of America, Tulsa, Okla., 1956. The record of oil and gas pro- 
duction for each of 29 states is complete for the post-war decade. During 1955 
U. S. production of petroleum liquids totalled 2.75 billion bbl. 

Indian Minerals, Vol. IX, No. 3. Pp. 195-299; pls. 3. Geol. Survey of India, 
Calcutta, 1955. Price, Rs. 2/-. The lead article is a comprehensive description of 
Indian bauxite deposits and their utilization. 

Trans. Vol. 51, No. 1, 1954. Pp. 46. Mining, Geol. and Metall. Inst. India, 
Calcutta, 1956. Price, Rs. 4/-. 

Japanese Jour. Geol. and Geog., Trans. Vol. XX VI, Nos. 1-2. Pp. 164; pls. 10. 
Science Council of Japan, Tokyo, 1955. Two of seven papers deal with economic 
geology. 

Geology and Ground-Water Resources of Sheridan County, Kansas. C. K. 
Bayne. Pp. 94; pls. 10; figs. 10; tbls. 7. State Geol. Survey of Kansas, Bull. 116, 
Topeka, 1956. 

Directory of Missouri Geologists. Pp. 18. Missouri School of Mines, Bull. 
Vol. 48, No. 1-B, Rolla, 1956. 

Sciences de la Terre, Tome II, Num. 4, 1954. Pp. 150; figs. 85. Annales de 
l’Ecole Nationale Supérieure de Géologie Appliquée et de Prospection Miniére de 
l'Université de Nancy, 1954. Gravity studies in France show a strong accordance 
between anomalies and surface geology; granites and granulites are strongly differ- 
entiated in the field of gravity and the traces of old sedimentary basins coincide 
with an increase in the value of positive anomalies. 

64th Annual Report, Vol. LXIV, Pt. 1, 1955. Pp. 102. Ontario Dept. of Mines, 
Toronto, 1956. The value of mineral production in Ontario during 1954 was more 
than $500 million. Ores from the Sudbury district accounted for 72 percent of the 
total value of all metals produced. 
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Estudos, Notas e Trabalhos, Vol. X, Fascs. 3-4. Pp. 223-395. Servico de 
Fomento Mineiro, Porto, 1956. Both field and laboratory investigations are re- 
corded in tiis journal. 

Bhu-Vidya, Vol. XVII. Pp. 82. Geol. Inst., Presidency College, Calcutta, 1955. 
Several interesting review articles include one stating a Russian academician’s 
viewpoint of “the granite problem.” 

Geo-kinetic Evolution of Greater India. K. P. Rope. Pp. 61; pls. 16; figs. 4. 
Rajputana University Mem. No. 4, Udaipur, 1954. Sheet movements, under the 
motive force of eruptive magmas, have radiated fan-wise from a central area t) 
produce the present configuration of India. 

Lead Deposits in the Upper Cambrian of Central Texas. V. E. Barnes. Pp 
68; figs. 13; tbls. 8. Price, $1.00. Bur. Econ. Geol., Rept. Inv. No. 26, Austin 
Texas, 1956. Hydrothermal origin of the lead deposits is more probable than a 
leaching-meteoric origin. 

Science Reports, Vol. XXVII. Pp. 83; pls. 9. Tohoku University, Sendai. 
Japan, 1956. Contains “The Foraminifera from the Adjacent Seas of Japan,” by 
Kiyoshi Asano. These detailed foraminiferal studies are based on marine deposits 
sampled by S. S. Soyo-maru, 1922-1930. 

Water Flooding of Oil Sands in Butler and Greenwood Counties, Kansas. 
J. P. Poweti. Pp. 42; figs. 18; tbls. 4. U.S. Bureau of Mines, Inf. Circ. 7750, 
Washington, D. C., 1956. Projects in operation from 6 to 12 years have recovered 
6.6 million bbl additional oil from the injection of 84.7 million bbl water. 

Bull. Vol. XXXVI, Pts. 2-3. Pp. 107-284; pls. 11; figs. 45. University of 
Uppsala, 1956. Price, Sw. cr. 30:-. 

Summary of Geology and Ground-Water Conditions in the Fredericksburg 
District, Eastern Spotsylvania County, Virginia. Seymour Supitzky. Pp. 32; 
pls. 2; figs. 4; tbls. 3. Virginia Div. Geol., Min. Res. Circ. No. 4, Charlottesville, 
1955. 

Uranium-Bearing Water in the Crow Creek and Muskrat Creek Areas, Fre- 
mont County, Wyoming. Joun F. Murpny. Pp. 15; figs. 3; tbls. 2. Geol. 
Survey Wyoming, Rept. of Inv. No. 5, Laramie, 1956. Analysis of stream water 
may become an important tool in exploring for uranium. 


Academie Royale des Sciences Coloniales—Bruxelles, 1956. 


Bull. des Séances, Tome I, No. 6. Pp. 884-1199. Price, F, 150. 
Bull. des Séances, Tome II, No. 2. Pp. 124-328. Price, F, 150. 


Universidad de Chile—Santiago, 1954-55. 
Pub. No. 4. Estudio Geologico-Economico del Distrito Minero de Panulcillo 
y Regiones Vecinas. Epvuarpvo GonzaLez Pacneco. Pp. 92. 
Pub. No. 6. Edad y Facies del Grupo Springhill en Tierra del Fuego, and 
Noticias Preliminares sobre el Hallazgo del Paleozoico Superior en el Archi- 
pielago Patagonico. Giovanni Cecioni. Pp. 243-259; pls. 2. 

Sociéte Géologique de France—Paris, 1955. 
Bull, Tome 5, Fascs. 4-6. Pp. 267-432; pls. 8. 
Compte Rendu, No. 11. Pp. 209-248. Price, 150 fr. 
Compte Rendu, No. 13. Pp. 249-307. Price, 150 fr. 
Compte Rendu, Nos. 15-16. Pp. 309-344. Price, 150 fr. 
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Bureau d’Etudes Géologiques et Miniéres Coloniales—Paris, 1955-56. 
La Chronique des Mines Coloniales, Nos. 223-234. Pp. 344. 


La Chronique des Mines Coloniales, Nos. 235-237. Pp. 1-92. Price, 170 fr. 
each; 1700 fr. annually. These monthly issues report world-wide activity and de- 
velopment in the mining industry and the external advances, such as geochemistry, 
geophysics, petrology and structural geology, affecting the industry. 


Georgia Department of Mines—Atlanta, 1954-55. 


Bull. No. 52. Contributions to the Paleontology of Northwest Georgia. A. T. 
ALLEN and J. G. Lester. Pp. 166; pls. 42; 7 maps. The fossils occur in strata 
ranging from Cambrian to Pennsylvanian in age. 


Bull. No. 63. Stratigraphy, Structure and Mineral Resources of the Mineral 
Bluff Quadrangle, Georgia. V. J. Hurst. Pp. 137; pls. 6; figs. 56; thls. 12. 
This highly controversial area has been restudied with the use of structural petrol- 


ogy. Economic resources include iron ore, marble, crushed stone, slate, staurolite, 
and talc. 


Illinois Geological Survey—Urbana, 1956. 
Circ. 210. Unpublished Reports on Open File. III. Groundwater Geology 
and Geophysics. G. B. Maxey and J. W. Foster. Pp. 14. 
Circ. 211. Geology and History of Oil Production in the Decatur-Mt. Auburn- 
Springfield Area, Illincis. L. L. Wartinc. Pp. 17; figs. 3; tbl. 1. Greatly in- 
creased production from a “fractured” well led to the drilling, in 1954 and 1955, of 
373 additional wells of which 164 were new producers. 
Circ. 212. Ground water Geology in Southern Illinois. W. A. Pryor. Pp. 
25; figs. 7. 
Circ. 213. Factors Affecting Coke Size. H. W. Jackman, P. W. Hen rine, 
and F. H. Reep. Pp. 16; figs. 9; tbls. 7. 
Circ. 214. Geologic Structure Map of the Northwestern Illinois Zinc-Lead 
District. J. C. Brappury, R. M. Grocan, and R. J. Cronx. Pp. 7; figs. 3. 
Three synclinal structure are potentially ore-bearing. Structure contour map, 
1: 31,680. 


Circ. 215. Quality of Groundwater Estimated from Electric Resistivity Logs. 
W. A. Pryor. Pp. 15; figs. 6; tbl. 1. 


Geological Survey of Japan—Hisamoto-cho, Kawasaki-shi, 1956. 
Atsuta (Sapporo-3). Konroxu TsusnimA, KAKIMI, and TAKESHI 
Uemura. Pp.31. Text in Japanese, résumé in English. Geologic map, 1: 50,000. 
Erimo-Misaki (Kushiro-72). Sacuio Ict and TosnHimrro Kaximi. Pp. 28. 
Text in Japanese, résumé in English. Geologic map, 1: 50,000. 

Hiuchi-Dake (Niigata-77). Masaro Murayama and Kryoo Kawata. Pp. 28. 
Text in Japanese, résumé in English. Geologic map, 1: 50,000. 

Horoizumi (Kushiro-70). Mitsuo Funanasui and Sacuio Icr. Pp. 73. Only 
one working mine exploits the cupriferous sulphide deposit. Text in Japanese, 
résumé in English. Geologic map, 1: 50,000. 

Onishika (Asahigawa-37). Konroxu TsusuHima, Kyuya Matsuno and 
Yamacucnui. Pp. 23. Text in Japanese, résumé in English. Geologic map, 
1: 50,000. 

Tsuchibuchi (Akita-34). E1yrro Owa. Pp. 19. Text in Japanese, résumé in 
English. Geologic map, 1: 50,000. 
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Ube (Fukuoka-35). Kiyoro Kryonara. Pp. 28. The area contains six work- 

able coal seams. Text in Japanese, résumé in English. Geologic map, 1: 50,000. 
Mysore Geologists’ Assn.—Bangalore, 1955-56. 

Bull. No. 8. The Antecedent Course of the River Cauvery. B. P. RADHAK- 

RISHNA. Pp. 15; figs. 6. 

Bull. No. 9. Charnockites and Associated Rocks of the Cape Comorin Area, 

S. India. C. V. Pautose. Pp. 72; pls. 2. Monazite, zircon, and other beach 


sand deposits are derived from leptynites and acid charnockites in Travancore. 
Geologic map, 1: 63,360. 


Servicos Geolégicos de Portugal—Lisboa, 1952, 1954. 
Colored geologic map of Portugal, Scale 1:1,000,000. One sheet—21” x 30”. 


Comunicacgoes, Tomo XXXV. Pp. 312; pls. 87. Eleven papers cover diverse sub- 
jects. Geologic map, 1: 50,000. 


Quebec Department of Mines—Quebec, 1956. 
List of the Principal Operators and Owners of Mines and Quarries in the 
Province of Quebec. Pp. 78. 
The Mining Industry of the Province of Quebec in 1956. Pp. 143; pls. 8; fig. 1. 
The value of mineral production during 1954 was more than $288 million. 


Ohio Department of Natural Resources—Columbus, 1956. 
Annual Report, 1954-55. Pp. 164. 


Bull. 24. Reservoir Sedimentation in Ohio. C. L. Haun. Pp. 87; pls. 42; 
tbls. 7. The reduction in storage capacities resulting from the accumulation of 
sediment in reservoirs prompted this study in attempts to conserve water storage 
and to prevent erosion. 


U. S. Geological Survey—Washington, D. C., 1956. 


Prof. Paper 258. Geology and Petrology of the San Juan Region, Southwest- 
ern Colorado. E. S. Larsen, Jr., and WHiTMaAn Cross. Pp. 303; pls. 5; figs. 58; 
tlbs. 39. 

Prof. Paper 274-H. Palmlike Plants from the Dolores Formation (Triassic), 
Southwestern Colorado. R. W. Brown. Pp. 205-209; pls. 2; fig. 1. These 
strata contain the earliest known angiosperm. 


Prof. Paper 276. The Stratigraphic Section in the Vicinity of Eureka, Nevada. 
T. B. Notan, C. W. Merriam, and J. S. Witttams. Pp. 77; pls. 2; figs. 2. 
Price, $1.00. 

Prof. Paper 277. Stratigraphy of the Mascot-Jefferson City Zinc District, 
Tennessee. JostAn Brince, with an introduction by Jonn Ropcers. Pp. 76; 
pls. 3; figs. 2; tbls. 2. Price, $3.50. Sphalerite is restricted to a stratigraphic zone, 
less than 300 feet thick, mostly in the Kingsport limestone where the beds show 
brecciation or recrystallisation. Richest ore is associated with secondary dolomo- 
tization. Geologic maps, 1: 12,000 and 1: 31,680. 

Prof. Paper 279. Cenozoic Geology of the Colorado Plateau. C. B. Hunt. 
Pp. 99; figs. 62. Price, 75 cts. 

Bull. 1021-I. Geology of Devils Tower National Monument, Wyoming. C. B. 
Roptnson. Pp. 289-302; pl. 1; figs. 3. Price, 50 cts. Geologic map, 1 :4,800. 
Bull. 1-27-B. Geology of the Crazy Woman Creek Area, Johnson County, 
Wyoming. R. K. Hose. Pp. 33-118; pls. 8; figs 15; thls. 6. Price, $1.75. 
Measured, indicated, and inferred coal reserves are more than one billion tons, 
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The area contains small deposits of manganese and of allanite. Geologic map, 
1 :48,000. 

Bull. 1027-H. Geology of the Christmas Copper Mine, Gila County, Arizona. 
N. P. Peterson and R. W. Swanson. Pp. 351-373; pls. 11; figs. 2. The ore 
(grade in 1942 averaged 2.16 percent) occurs as replacement lenses in favorable 
limestone beds near a quartz diorite intrusive. Geologic map, 1: 3,600. 

Bull. 1027-P. Geology of the Murray Area, Shoshone County, Idaho. J. W. 
HosterMAN. Pp. 725-748; pls. 5; fig. 1; tbl. 1. Price, $1.00. Mineralization is 
base-metal sulphide with some silver and gold. 

Bull. 1028-A. Geology of Pavlov Volcano and Vicinity, Alaska. G. C. Ken- 
NEDY and H. H. Wa.pron. Pp. 19; pls. 4; fig. 1. Price, 65 cts. Extensive, 
though weak, copper mineralization is associated with diorite stocks. 

Bull. 1036-F. A Spectrographic Method for Determining the Hafnium- 
Zirconium Ratio in Zircon. C. L. Warinc and H. W. Worrnuinc. Pp. 81-90; 


figs. 3. Price, 15 cts. Results indicate an average of three percent for Hf and 0.6 
percent for Zr. 


Bull. 1039-A. Marl Deposits in the Knik Arm Area, Alaska. R. M. Moxnam 
and R. A. Ecxuart. Pp. 23; pls. 2; figs. 7; tbls. 4. Price, 50 cts. 

Bull. 1039-B. Occurrence of Diatomaceous Earth Near Kenai, Alaska. 
Grorce PLarKer. Pp. 25-31; pls. 4; fig. 1. Price, 75 cts. 

Water-Supply Paper 1358. Geology and Ground-Water Resources of Buffalo 


County and Adjacent Areas, Nebraska. R. I. Scureurs. Pp, 175; pls. 5; figs. 
10; tbls. 10. 


Water-Supply Paper 1359. Geology and Ground-Water Resources of the 
Prestonburg Quadrangle, Kentucky. W. E. Price, Jr. Pp. 14-; pls. 4; figs. 
11; tbls. 9. Price, $1.00. Geologic Map, 1: 31,680. 


Water-Supply Paper 1360-A. Reservoirs in the United States. N.O. Tuomas 
and G. E. Harseck, Jr. Pp. 99; pl. 1; figs. 3; thls. 2. Price, 75 cts. The total 
number of reservoirs having a capacity of 5,000 acre-feet or more (and of natural 
lakes having a usable capacity with that amount) is 1,300. 
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SCIENTIFIC NOTES AND NEWS 


K. C. Dunnam, professor of geology at the University of Durham, England, 
will be at the University of Illinois as George A. Miller Visiting Professor of 
Structural Geology from September 1956 to January 1957. 


E. J. Longyear Company announces the appointment of Lez C. ARMSTRONG as 
chief geologist in charge of all technical and scientific work in their main office, 
Minneapolis, Minnesota. 


Cuares H. Benre, Jr., will be Executive Officer of the department of geology, 
Columbia University for the next three years, succeeding MAarsHALL Kay who has 
just completed a similar term. 


Tue Gur Coast AssociATION OF GEOLOGICAL STUDIES will hold its 6th Annual 
Convention October 31 to November 2, 1956, at the Plaza Hotel, San Antonio, 
Texas. 


Artuur C. Spencer, U.S.G.S., retired, and Mrs. Spencer, formerly of 3250 
Highland Place, N.W., Washington, D.C., are now residing at 2390 Ross Road, 
Palo Alto, California. 


Ricuarp M. Foose, chairman of the department of geology at Franklin and 
Marshall College, was mapping in the Beartooth Mountains, Montana, during June 
and July under a National Science Foundation grant. In August and September 
he was in Mexico to represent the American Institute of Mining Engineers and the 
Association of Geology Teachers at the 20th International Geological Congress. 


Tue AMERICAN INSTITUTE OF MINING AND METALLURGICAL ENGINEERS held 
its Fifth Pacific Northwest Regional Conference in Seattle, Wash., from May 3 
to May 5. At the meeting were presented four papers of interest to geologists: 
Tectonic Patterns of the Western United States by Peter Misch; Granites of Mag- 
matic Origin as Distinguished from Granites of Metasomatic Origin by G. E. 
Goodspeed ; Localization of Ore in the Kootenay Arc by M. S. Hedley and J. T. 
Fyles, and The Work of the Mineral Deposits Branch of the U. S. Geological 
Survey in the Pacific Northwest by A. E. Wrissenborn. 


Tue Society or Economic Geoocists will meet jointly with the Geological 
Society of America and other affiliated geologic societies in Minneapolis, Minnesota, 
October 31 through November 2. A brief and informal meeting of the Society will 
also be held at the time of the International Geological Congress in Mexico, during 
the first week of September. In February, 1957, the Society will meet jointly with 
the Mining Geology Division of the American Institute of Mining, Metallurgical 
and Petroleum Engineers in New Orleans. The deadline for abstracts for the 
New Orleans program will be December 1, 1956. Mr. Arthur J. Blair of Birm- 
ingham, Alabama, is chairman of the Program Committee. 


Leo A. Herrmann, formerly resident geologist for The New Jersey Zinc Com- 
pany, Lexington, N. C., is now geologist for Magnolia Petroleum Company, with 
a mailing address at Box 1828, Oklahoma City, Okla. 
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Joun E. Aten has been appointed professor of geology at Portland State 
College, which was established in 1955 as a separate degree-granting institution 
within the Oregon state system of higher education. It has an enrollment of over 
3,000 students. Mr. Allen has been economic geologist on the staff of the New 
Mexico Bureau of Mines and Mineral Resources since 1952; he came to Socorro 


in 1949 as professor of geology and head of the department of geology of the New 
Mexico School of Mines. 


RayMonp Srever, Illinois Geological Survey, Urbana, Illinois, has been awarded 
a National Science Foundation senior post-doctoral fellowship for 1956-57 and 
will spend the year at Harvard University on a program of research and study 
of the sedimentary petrology and geochemistry of silica and carbonate cements in 
sandstones. 

J. J. Brummer has been awarded “The Consolidated Gold Fields of South 
Africa Ltd.” Premium of Forty Guineas by the Institution of Mining and Metal- 


lurgy, London, for his paper entitled “The geology of the Roan Antelope orebody” 
published in the March 1955 Bulletin. 


Tuomas W. MitcHAM, mining geologist, has established a consulting service at 
220 East Birch Street, Flagstaff, Arizona. 


“Resources for Industrial Expansion” will be the theme for the Third Western 
Area Development Conference to be held at Phoenix next October 31 and Novem- 
ber 1. Arranged by Stanford Research Institute and co-sponsored by the Con- 
federacion de Camaras Industriales de los Estados Unidos Mexicanos (Confedera- 
tion of Mexican Industrial Chambers), the conference is expected to attract more 
than 500 business and industrial executives from the United States, Mexico and 
Canada. Sessions will be held at the Westward Ho Hotel, Phoenix. Coordinating 
plans for SRI will be Charles L. Hamman, assistant director of economics research. 
Eduardo Prieto Lopez, president of the co-sponsoring group in Mexico, is directing 


arrangements for participation from his country. Executive secretary of the con- 
ference is Carleton Green, manager of the Mountain States Office of Stanford Re- 
search Institute at Phoenix. 


G. Keiru Aten, Reader in Mining at the Royal School of Mines, University 
of London, has been elected President of the Institution of Mining and Metallurgy 
for 1957-58. 


B. W. Kerrican has been appointed Secretary of the Institution of Mining 
and Metallurgy and he took up his duties at the beginning of September, 1956. 


Tae Nationa AcapeMy oF Scrences-NaTIonAL Research Councri will 
conduct, in 1957, under the financial sponsorship of the Office of Naval Research, 
its second annual program of geographical field research in foreign areas. Under 
the initial program in 1956 ten young Americans are going abroad, for periods 
ranging up to fourteen months, to conduct field research on topics of their own 
choosing. Support will be made available not only to young geographers but also 
to young scientists in related fields, such as geomorphology, climatology, ecology, 
and pedology. The program is designed primarily for graduate students who wish 
to conduct field research in connection with their doctoral dissertations but re- 
cipients of the Doctorate within the last few years are also eligible. More mature 
scholars may submit research proposals to the Geography Branch, Office of Naval 
Research, Washington 25, D. C. The extent of financial assistance will vary ac- 
cording to the needs involved. The intent is to provide adequately for travel, field, 
and living expenses, without salary or stipend to the investigator. A preference 
will be shown for field investigations of at least six-months duration, preferably a 
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year or more. Recipients of support must agree to submit a detailed report suit- 
able for publication of their investigations to the Division of Earth Sciences, 
NAS-NRC. Applications for support of field work to be initiated before April 1, 
1958, must be submitted prior to December 1, 1956. Notices of acceptance or re- 
jection will be sent as promptly as possible by the Division of Earth Sciences, and 
certainly not later than the end of January 1957. All applications, inquiries, or 
requests for further information should be addressed to: Foreign Field Research 


Program, Division of Earth Sciences, 2101 Constitution Avenue, Washington 
aa, 22, C. 


Ian CAMPBELL, Professor of Petrology and Executive Officer, Division of the 
Geological Sciences, California Institute of Technology, is the new president-elect 
of the Pacific Division, American Association for the Advancement of Science. 
Professor Campbell was a member of the Executive Committee of the Division 
from 1939 to 1947. 

The sub-committee of the Economic Commission for Asia and the Far East 
(ECAFE) on mineral resource development met in Japan in June, 1956. David 
A. Andrews, Earl M. Irving, Gilbert S. Corwin, all of the U. S. Geological Survey, 
Lotfallah Nahai of U. S. Bureau of Mines, and Robert Y. Grant of ICA/Taipeh 
represented the United States. The first part of the session deliberated on the 
compilation of a geological map of South Asia and the Far East at 1:5,000,000 
scale, in cooperation with the program of the International Geological Congress 
to compile a map of the world at that scale. The second part of the session dealt 
with mineral resource development and related problems of the area. Fourteen 
countries of region were ably represented. 


Artuus R. Kinxet, U. S. G. S., has completed a two-year study of the copper 
resources of the Philippine Islands for the International Cooperation Administra- 
tion in cooperation with the Philippine Bureau of Mines and returned to Wash- 
ington in July. In collaboration with Oscar Crispin and Luis Santos Yfiigo, a 


report has been compiled describing all the major known copper deposits of the 
Philippines. 


Hartey Barnes, U. S. G. S., completed in July a two-year assignment on the 
coal resources in the Philippine Islands for the International Cooperation Admin- 
istration in collaboration with the Philippine Bureau of Mines. He is returning 
to the United States via Europe and will be stationed at Washington with the 
Fuels Branch of the U. S.G. S. The coal resource studies which started in 1952 
are being continued by the Philippine Bureau of Mines and the ICA. 


The 27th annual meeting of the Society of Exploration Geophysicists will be 
held under the direction of Fred J. Agnich, president of Geophysical Service Inc., 
November 11-14, 1957, in Dallas, Texas, at the Dallas Statler-Hilton hotel. 

The Gold Medal of the Institution of Mining and Metallurgy has been awarded 
to JosepH Austen Bancrort in recognition of his long and distinguished services 
to the mineral industry in Southern Africa and in the advancement of the science 
and practice of economic geology. 


Tue AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS announces the fol- 
lowing nominations for officers: for president, Hortis D. Hepperc, Gulf Oil 
Corporation, Pittsburgh, Pennsylvania, and Granam B. Moopy, consultant, 
Berkeley, California; for vice-president, B. Warren Beese, Keating Drilling 
Company, Oklahoma City, Oklahoma, and Grover E. Murray, Louisiana State 
University, Baton Rouge, Louisiana; for secretary-treasurer, W1LL1AM J. Hi 
wecK, Blackwood and Nichols Company, Dallas, Texas; for editor, SHERMAN 
A. WeENGeERD, University of New Mexico, Albuquerque, New Mexico. 
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Patrons of this journal are requested to refer to Eco- 


NOMIC GEOLOGY AND THE BULLETIN OF THE SOCIETY 


oF Economic GEOLOGISTS when consulting advertisers. 


“THE ORIGIN AND NATURE OF ORE DEPOSITS” 
By R. T. WALKER and W. J. WALKER 


$6.50 postpaid in the United States. $6.75 postpaid in Canada and Mexico. 
$7.00 postpaid in other countries. On request, will be sent on approval. 
THE WALKER ASSOCIATES 
Box 1068, Colorado Springs, Colorado 
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the PLOOF of the method 


is still the ore 


Any exploration program should tell you either that ore exists in 
economic quantities or that it doesn’t. As consultants, GMX Corporation 
is ready to assist you with answers to such questions anywhere in 
the world. GMX Corporation will either carry out the 
entire program, making a complete assessment of the results, or 
will develop a logical program of exploration for you. 


D. S. Robertson, president * L. L. Nettleton, vice president 
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MINERAL CONSULTANTS Victory Building, Toronto, Canada 
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Available with 


Vertical 


Fall 
Magnetic 


SEPARATOR Attachments 


This arrangement is suitable 
for free-flowing sands. A 
delicate separation is made 
possible by the special con- 
figuration of the pole pieces 
which give a magnetic field 
resulting in forces depending 
only on susceptibility and 
not on the position of the 
particles in the field. Heavy 
sands can be fed at rates up 
to 20 lb. per hour. . 


The Isodynamic Separator, as usually used 
with vibrating inclined chute, is shown at 
the left. It is suited to the most precise 
separations over a wide range of particle 
sizes (some as small as 25 microns) at slow 
feed rates. 


For Complete Information 
Write us for 
BULLETIN 132-I 


S. G. FRANTZ Co., Inc. ... Engineers 


P.O. Box 1138 Cable Address: 
Trenton 6, New Jersey, U.S.A. MAGSEP, Trentonnewjersey 
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for precision microscopy with polarized light . 


POLARIZING microscopes | | 


In such fields as geology, mineralogy, 
petrography, coal research, plastics, bi- 
ology, chemistry and biochemistry, there 
is a Leitz POLARIZING Microscope de- 
signed to meet every requirement. No 
other manufacturer offers such a wide 
variety of polarizing microscopes and 
accessories, built to the highest stand- 
ards of quality and design. 


Leitz polarizing 
microscope, Model AM 


e@ Rotating anastigmatic tube analyzer 
for improved image quality and freedom 
from eyestrain. 

@ Polarizing tube accommodates large 
field-of-view eyepieces. 

e Bertrand cuxiliary lens with iris dia- 
phragm can be raised and lowered. 

e Rapid clutch changer and centering 
device for permanent centering of ob- 
jectives. 

e Large substage illuminating 
apparatus with two-diaphragm 
condenser and polarizer, either 
calcite or filter. 

e Rotating object stage on ball 
bearings, with vernier reading to eth? 


@ Rack and pinion motion for raising and 
lowering stage, to accommodate large 
opaque specimens. 

e@ Polarizing vertical illuminator easily 
attachable. 


E. LEITZ, INC., Dept. G-9 
468 Fourth Ave., New York 16,N.¥ 


\ 


Please send brochure on Leitz POLARIZING 
Microscopes. 


City. Zone. Stote 


&. Leirz, iInc., 468 FOURTH AVENUE, NEW YORK 16, N. Y. 
Distributors of the world-famous products of Ernst Leitz, Wetziar, Germany 
LENSES - CAMERAS + MICROSCOPES - BINOCULARS 


7 
png vi ECONOMIC GEOLOGY 
ae 
iv 
— 
4 - j 
| 
| 
¥ i 


ADVERTISEMENTS 


ANNOTATED BIBLIOGRAPHIES OF ECONOMIC GEOLOGY 


Available—Vols. I-X XVII (1938-1954). 
Vol. XXVIII (1955) current volume for 1956. 


Price $5.00 per volume anywhere in the world thru Volume 27. 
Effective Volume 28—price change to $6 per volume. 


General Index, Vols. I-X XV, in preparation. 
Order now from 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illinois 


ECONOMIC GEOLOGY JOURNAL INDEX to Vols. XXXI-XL 
(1936-1945) —published September, 1947 
Price $2.00 


Also available Index to Vols. I-XX (1906-1926) —$3.00 
Index to Vols. XXI-XXX (1927-1935)— 2.00 
Index to Vols. XLI-L in preparation 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illineis 
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Incomplete Volumes but from which certain issues are still available (some 
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1, 2, 4, 5, 12, 13, 14, 16, 17, 18, 19, 21, 23, 24, 34, 48 
@ $2.25 per issue 
Secondhand copies suitable for binding: 
Incomplete Volumes from which certain issues are available: 
2, 4, 5, 7, 8, 10, 11, 14, 15, 17, 18, 19, 22, 23, 24, 25, 
26, 27, 28, 29, 31, 34, 37, 38, 39, 40, 45, 47, 48 
(over 100 issues) @ 50 cents per issue 


Inquire: 
Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 
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Economic Geology issues devoted to 
articles on uranium or containing 
an article thereon: 
Vol. 51, No. 1—Rocer Y. AnpERson and Epwin B. 


Kurtz, Jr.: A Method for the Determination of 
Alpha-Radioactivity in Plants as a Tool for Uranium 


Vol. 50, No. 2—Uranium issues 
(12 articles on 2.25 


Vol. 46, No. 4—Witu1am L. Russe. and S. A. ScHEr- 
BATSKOY: The Use of Sensitive Gamma Ray Detec- 


Vol. 45, No. 2—Gerorce M. Browne.t: Radiation 
Surveys with a Scintillation Counter ............. 2.25 


Order from: 
Economic Geology Publishing Company 


105 Natural Resources Bldg. 
Urbana, Illinois 


INTERNATIONAL UNION OF GEODESY AND GEOPHYSICS 


BULLETIN GEODESIQUE 


Quarterly Journal published by the Central Office of the 
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Principles of Geomorphology. By D. THorneury. 1954. Pp. 618. Figs. 275 


Principles By James Aaron C. Waters, and A. O. Wooprorb. 
640. us. 


Geology. By von ENGetn, O. E., and Caster. K. E, 
General Principles of Geology. By J. F. Kirkiapy. 1955. Pp. 327. Pils. 6, a 84 


The Principles of Physical Geology. By V. E. Monnett and H. E. Brown. 
265 plus 16 topographic maps 


Physical Geography. By A. H. STRAHLER. 1951. Pp. 442 


Introduction to Geology. 3rd Ed. By E. B. BRANSON, W. D. Kewier, and W. A. Tarr. 
Pp. 482. Illus. | 


The Earth asa Planet. Gerrarp P. Kuper, Editor. 
Vol. II of the Solar System. Pp. 751 


Geomorphology. 6th Ed. By Cuarites A. Cotton. 1952. Pp. 505. 473 Illus 

Geology. 4th Ed. By Ws. H. Emmons, Turet, STAUFFER and ALLISON. 1955. Pp. 451. 
Principles of Physical Geology. By Artuur Hoimes. 1945. Pp. 532. Pils. 95. Figs. 262..... oe 
Physical Geology and Man. By KennetH K. Lanpes. 1948. Pp. 414. Figs. 164 
Textbook of Geomorphology. 2d Ed. By Pump G. Worcester. 1948. Pp. 584. Illus. 
By Cuester R. LonGwett, Kwnopr, and R. F. 


of Physical Geology. 
1941. Pp. 387. 
Geology. Sth Ed. By P. Lace H. RASTALL. 1941. 
Geomorphology. By A. K. Lopece. 1939. Pp. 731. 


to Physical Geology with Special Reference to North America. Sth Revised 
W. J. 1949. Pp. 482. Illus. Maps 
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GEOMORPHOLOGY, PHYSICAL GEOLOGY, PHYSIOGRAPHY (Continued) 
2nd Ed. Contains of . By CHester R. 
and RIcHARD FLINT; and Outlines 
and Cart O. DunBAR. 1941. Pp. 672. Illus. 431 


Laboratory Manual for Geology. By K. F. Matuer, C. J. Roy and L. R. THresMeyver 
Part. I. Physical Geology (Revised). 1950. Pp. 165. Illus. 25 Line, 4 HT 
Part Il. Historical Geology. 1952. Pp. 252. Illus. 80 Line, 1 HT 


Earth Science: The World We Live In. By N. Strong. 1953. 


Dynamical Oceanography. By J. ProuDMAN. 


The Tetons (Interpretations of a Mountain Landscape). 
92 Pp., 24 Illus. 


The Incomparable V Interpretation of the Y: By 
edited by FritioF mh 1950. Pp. 176, Frontis., 50 Illus. 11 Figs. 2 maps. 
Crater Lake (The Story of Its Origin). By HoweLt WiLuiaMs, 3rd printing. 1954. 114 Pp., 25 Illus. 


African Scenery, A Textbook of Geomorphology. 2nd Rev. and Enlarged Edition. Re baw 
Kinc. 1951. Pp. 412. Illus. 267 79 text figures, 1 folding map, 1 colored erosion m 


Manual for Physical Geology. By PeRcivAL ROBERTSON. 
Physiography of Eastern United States. By Nevin M. FENNEMAN. 1938. Pp. 714. 
Physiography of Western United States. By Nevin M. Fenneman. 1931. Pp. 534............. 
The Physiographic Provinces of North America. By W. W. Atwoop. 1940. Pp. 536. Illus. 281.. 
The Continental Shelf. By M.W.Movrton. 1952. 
The Oceans: Their Physics, 
and R. H. FLemInc. 1942. 
The Ocean. By F. D. OmMANNEY. 1949. Pp. 247. 
Submarine Geology. By Francis PARKER SHEPARD. 
Marine Geology. By Px. H. Kusnen. 1950. Pp. 568. 
The Ocean Floor. By Hans Pettersson. 1954. Pp. 181. 
The Floor of the Ocean. By REGINALD ALDsworTtH Day. 1942. Figs. 82 
der Gletscherkunde und Glazialgeologie. By KLEBELSBERG. Puce. Dr. 
Volcanic Eru 
A. JAGGAR. 
Volcanological By Frank ALvorD PERRET. 


of the Active Volcanoes of the World Including Part I. Indonesia. By 
Ne Ed. by the International Volcanological . 1951. Pp. 271. 


METAMORPHIC, STRUCTURAL AND FIELD GEOLOGY 

Principles of Structural Geology. 4th Ed. By C. M. Nevin. 
Structural Geology. By MARLAND P. Bituincs. 2nd Ed. 1954. Pp. 473. Figs. 336. Pils. 19... 
Mountain Building. By Reis W. VAN BeMMELEN. 1954. Pp. 189, figs. 51 
Structural Geology of North America. By A. J. EArDiey. 1951. 
The Tectonics of Middle North America. By Puitie B. Kinc. 1951. Pp. 224. 52 Maps 
Outline of Structural Geology. 3rd Ed. By E.S.Hmis. 1953. Pp. 170. 


2nd Ed. By Ernest M. 
son. 1951. Pp. 216. 


Field Geology. 5th ed. 1952. Pp. 853. Illus. Sx7}....... 
Principles of Field and Mining Geology. By James D. Forrester. 1946. Pp. 647. Illus. 316.. 
of By Ropert Back. Reprinted 1948. Pp. 187, Pl. 25 and 3 


;WELL, 
CHERT 
Waves and Tides. By R.C.H. Russet and D.H.MacMILtan. 1953. Pp. 348. Pis.17. Figs.100 6.00 
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METEOROLOGY AND CLIMATE 
The Climate Near the Ground. By R. Geicer. 1950. Pp, 482. Figs. 181. Tables 63.......... 6.00 
The Atmospheres of the Earth and Planets. Rev. Ed. By Gerarp P. Kuiper. 1988 oe 


Cloud Physics. By D. W. 1951. Pp. 119. Pls... 

Weather Elements. 3rd Ed. By T.A. Brame. 1948. Pp, 6.35 
Descriptive Meteorology. By Hurp C. Wiuterr. 1952. Pp. 310. VIII .... 6.00 
Dynamic Meteorology. By Ho_mBor, Forsyrue and Gustin. 1945. Pp. 378. Illus. 222........ 6.00 
General Meteorology. By Horace R. Byers. 1944. Pp. 645. Illus. 284. Tables 27........... 7.50 


a my Theoretical and Applied. By E. W. Hewson and R. W. Lonciry. 1944. Pp. 468. can 

Handbook of Meteorology. By Freperic A. Berry, E. Battay and N. R. Beers. 1945. Pp.1116 13.50 
Climatology. By Bernarp Haurwitz and james M. Austin. 1944. Pp. 410............0.00005 8.00 


Techniques of Observing the Weather. By BenartHur C. Haynes. 1947. Pp. 272. Illus. 98.... 4.90 


Air Pollution: Proceedings of the U. S. Technical Conference on Air Pollution. By L. C. McCase. 


MINERAL ECONOMICS, GEOPOLITICS 


Minerals in World Industry. By Watter HE. Vosxumt. 1955. Pp. 316. Tables 38. Figs. 26.... 5.75 


The Mineral Resources of the World. By Van Roven and Bowizs. 1952. Volume II. Pp. 180. 


Conservation of Natural Resources. Ed. by Guy-HARoLD SmitrH. 1950. Pp. 552. Illus.......... 6.75 


The Future of Our Natural Resources. Volume 281 of The Annals of the American Academy of 
Political and Social Science. By STEPHEN RAUSHENBUSH. May, 1952. Pp. 275............. 2.00 
The Earth and Its Resources. 2nd Ed. By V. C. Finca, G. T. Trewartna, and M. H. SHearer. 
Out of the Earth. By G. B. Lancrorp. 1954. Pp. 140, pls. 14, figs. 28, this. 3 ...............-. 3.50 


Natural Resources Utilization in a ont Vol. 1: Geology and Geog- 
raphy. By JamesC. Matin, 19 Pp. 377. Illus. 5. Litho it from typescript, paper cover 2.50 


Agricultural Resources of the World. By Wm. VAN Roven. 1954. Pp. 258. Figs. 338 (Vol. I 

Resource Conservation: Economics and By 1952. Pp. 396........ 6.50 
World Population and Future Resources. Proceedings of the Second Centennial Academy Con- 

ference of Northwestern University, ll. By P. 3.50 
Conservation in the United States. 3rd Ed. By Gustarson, Guise, HAMILTON, Jr., and Rigs 

(Members of the faculty of Cornell University). 1949. Pp. 543. Tables 21..................- 5.00 
A Conservation Handbook. By Samugt H. Orpway, Jr. 1949. Pp. 1,00 
Economics of Natural Gas in Texas. By J. R. Stockton, R. C. HensHaw, Jr. and R. W. Graves. 

Arabian Oil—America’s Stake in the Middle East. By RAYMOND F. MIxKese.. and Hous B. Cuen- 


Minerals in World Affairs. By TaomasS.Loverinc. 1943. Pp. 394. Tables 50...$4.75toschools 6.35 
Sources—The Wealth of the World. By EvGene Ayres and Cmaries A. ScarLotr. 1952. 


orld Minerals and World Peace. By Caries K. Leitn, J. W. Furness and Cizona Lewis. 

oe Materials in Hemisphere Defense. By M. S. Hesse,, W. Murpny, and F. A. Hesse. 


Minerals—A Key to Soviet Power. By Demitai B. 1953. Pp. 452. Figs.8. Tables 101 8.00 


of Go 1946) American Institute of Mining and 
etallurgical Engineers. By A. B. Parsons, Editor. 1947. Pp. 817......... 5.00 


MINING 
Elements of Mining. 4th Ed. By G. J. Younc. 1946. Pp, 755. Illus. 382.............. seiece OD 
The Basis of Mine Surveying. By M.H.Happock. 1952. Pp. 301. Fig. 246.................. 4.20 
Mining Year Book. By Water E. SKINNER. 


shistaels tee Pemenmapane Operators of Small Mines. 4th Ed. By Max W. von Bernewitz— 
Revised by Harry C. CHELLSON, 1943. Pp. 547. Illus. 161. 5x7}..... 7.50 


Mining Engineer’s Handbook. By Rosert Presie, Editor, 34 Ed. 1941. 
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PALEONTOLOGY, STRATIGRAPHY, HISTORICAL GEOLOGY 
Historical Geology. By Cart O. Dunsar. 1949. Pp. 567. 
Introduction to Historical Geology. By Raymonp C. Moore. 
Historical Geology. By Raymonp C. Moore. 1933. Pp. 673. Figs. 413 
Geology—The Geologic History of North America. 2nd Ed. 
1947. Pp. 465. 


Geology: An Introduction to Earth History, By H.H. READ. 1949. Pp. 256. Illus. 30. Maps... 
The Principles of Historical Geology. By J. Wiriis StovaLt and H. E. Brown. 1954, Pp. 472. 


An Introduction to Historical Geology. 6th Ed. By W. J. Miter. 1952. Pp. 555. Illus. 


Dating the Past—An Introduction to Geochronology. 2nd Ed. By Frepericx E. Zeuner. 
Pp. 450, figs. 46; tbls. 57; pls. 24 


The Origin and of the Earth. By WALKER and WoopviLLe JosEPH 
WALKER. 1954 p. 244. Illus., Figs... .U.S., ; Canada & Mexico, 5.25; Other Countries 

The Planets: Their Origin and Development. 

The Origin of the Earth. By W.M.Smaxt. 1951. 

Geology and Man. By Kennets K. Lanpes and Russet. C. Hussey. 1948. Pp. 518. Figs. 188. 

Introduction to College Geology. By Cuauncey D. Hotmes. 1949. Pp. 429; figs. 312; tables... . 

Glacial Geology and the Pleistocene Epoch. By RicHarRD F. Fiint. 1947, Pp. 589. Illus. 94.... 


Outlines of Historical Geology. 4th Ed. By Cart O. Dunsar and Caaries ScHUCHERT. 1941. 
Pp. 291. Illus. 176 


Record of the Rocks. By Horace G. RICHARDs. fb 
An Introduction to Stratigraphy. 2nd Edition, revised. By L. D. Stamp. 
Stratigraphic Geology. By Maurice GiGnoux. 1955. Pp. 830. Fig. 155 


Paleontology. By R. P. SHrock and W.H.Twennoret. 2nd Ed. 1953. 
us. 4 


Outlines of Paleontology. 3rd Ed. By H. H. Swinnerton. 1947, 


By Hervey W. Saimer and Rosert P. 1944. Pp. 837. 
Illus. 8,000. ls. 


Invertebrate atte ni R. Moore, C. Laticxer and A. Fiscuer. 1952. Illus. 454. Pp. 738.... 
Invertebrate Palaeontology. 8th Ed. Rev. and Enl. By Henry Woops. 1946. Pp. 477. Figs. 221 
Evolution of the Vertebrates. By Epwin H. Cotpert. 1955. Pp. 479. 

Paleontology and Modern Biology. By D. M.S. Watson. 1951. Pp. 216. Figs. 77 

Natural History of Marine Animals. By MacGrnitig and MacGrinitig. 1949. 473 Pp., 282 Illus. 
*Principles of Micropaleontology. By Martin F. GLAESSNER. 1947. Pp. 296. 


Foraminifera: Their Classification and Economic Use. 4th Ed., Revised and Enlarged. By Josepu 
A. CusHMAN. 1948. Pp. 605. Figs.9. 31 Text Pls. 55 Key 


The Invertebrates: Platyhelminthes and Rhynchocoela. The Acoelomate Bilateria, Vol. II. By Lisaiz 
Henrigtta Hymam. 1951. . 5 


A Textbook of Evolution. By Epwarp O. Dopson. 
Evolution Emerging. By W. K.Grecory. 1951. 
Vol. I. Pp. 736. Vol. Tl. Pp. 1013 


Smapson. 1950. Pp. 364. Illus. 


By G. G. Smmpson. 
Genetics Pusontooey and Evolution. By G. L. Jepsen, Ernst Mayr, and Gzorcer G. Simpson (ed.). 
p. 
History of the Primates. 2nd Ed. By W. E. Le Gros Crark, F.R.S. 
‘The Beck: Tho Rating and By E. H. 
us. 
On the Origin of Species. By Cuartes Darwin. Reprinted 1951 of 1859 Edition. Pp. 426 
Man, the Tool-Maker. 2nd Ed. By K. P. 1950. Pp. 98. 41 text-figures 
Strange Story of our Earth. By A. H. Verrmi. 1952. Pp. 255. Illus. 72 


The Succession of Life through Geological Time. By K. P. Oaxkiey and H. M. Murr-Woop. 2nd Ed. 
1949. Pp. 92. Pils. 12 and 4 maps 


Life Through the Ages. By R. Knicur. 

Life Through the Ages. By R. W. Burnett. 1947. 

Introduction to Paleobotany. By Custer A. ARNOLD. 1947. 

An Introduction to the Study of Fossil Plants. By Joun WALTON. 

Procedure in Taxonomy. By E. T. Scuenx and J. H. McMasters. Revised Ed. 
Examination of Well Cuttings. By Jutian W. Low. 48 Pp. 13 schematic illustrations. 1952.... 
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PETROLOGY, SEDIMENTATION 
A Descriptive Petrography of the Igneous Rocks. 1931-38. By A. JOHANNSEN. 


Vol. I—Introduction, Textures, Classifications, and Glossary. Rev. Ed. 1939. Pp. 318....... 6.00 
Vol. Ii—The Quartz-Bearing Rocks. 1932. a> 438. Diagrams 9. Photographs 16. Photo- 
Vol. I1l—The Intermediate Rocks. 1937. > 360. Diagrams 4. Photographs 18. Photo- 
‘ol. 1V—Part I. The F | Past The Peridotites and Perknites. 1938. 
Pp. 551. Diagram 8. Photomicrographs 95. Portraits 77. Tables t59. 10.00 
Textbook of Petrology. 
She Ge 10th Ed. By F. H. Hatca, A. K. Wetts, and M. K. 
Whe Ed. revised by Maurice Brack. 1938. By 
H. Hatce and R. H. 1913. 1950, . 383. Illus. 75. Tables 6.75 
ae Part I—Igneous Rocks; Part II—Metamor 


phic Rocks; Part II1]—Sedimentary Rocks. 
y Hower Francis J. TURNER and CHARLEs M. GILBERT. 1954. Pp. 416. 133 Illus. 6.50 


Gesteine und Minerallagerstatten, Allgemeine Lehre von den Gesteinen und Minerallagerstaatten. 
By Paut Nicci. 1952. Pp. 554. Figs. 181 


Einfuhrung in die gesteinkunde. By H. Lerrmeter. 1950. Pp. 275..... 
Ign and Met phic Petrology. By F. J. Turner and J. VerHooGen. 1951. Pp. 490...... 9.50 


The Origin of Metamorphic and Metasomatic Rocks. By HANs RAMBERG. 1953. Pp. 352. Illus. 

130 charts, graphs, photographs and line drawings... 10.00 
Theoretical Petrology. By T.F.W Barth. 1952. Pp. 387. Illus. 7.00 
Introduction to Theoretical Igneous Petrology. By Ernest E. WAHLSTROM. 1950. Pp. 365; numer- 


Mineralogy. By Ernest E. WAHLSTROM. 1955. Pp. 408 7.75 
ont Patt By Louis V. Presson and KNoprF. 


and Mineral Deposits. By Paut Nicci (English Translation by Ropert L. PARKER). " 


Les Pegmatites—Les Pegmatites Granitiques. By A. E. FersMAN. 1951. Pp. 675. 
Vol. I—Partie Preliminaire. Chaps. 1-10 
Vol. Il—Partie Descriptive. Chaps. 11-18 


Eruptive Rocks. 3rd Ed. By S. James SHAND. 1948. Pp. 488. IIlus. 7.50 
The Study of Rocks. 4th Ed. By S.J. SHAND. 1951. Pp. 236.........2cccceccecccecececeecs 2.25 
Igneous Minerals and Rocks By Ernest E. WAnistrom. 1947. Pp. 367. Illus................ 6.50 

Petrology of Deformed Rocks. 2nd Ed. ane, Ste. By Harotp W. FarrBarrn and 

Cuayes. 1954. Pp. 344; numerous figs. and tables... ..... 12.50 

Petrography and Petrology. By Frank F. Grout. 1932. Pp. 522.......... 7.50 


Igneous Rocks and the Depths of the Earth. 2nd Ed. By Recinatp A. Daty. 1933. Pp. 598... 11.00 
Minerals and Rocks. By Russet, D. GrorGe. 1943. Pp, 595. Figs. 150. Pils. 48 
Photomicrography. By Cuaries P. 1944. Pp. 773. Illus. 15.00 
Applied Sedimentation. A Symposium edited by Parker D. Trask. 1950. Pp. 707. Illus.134... 7.50 
Principles of Sedimentation. 2nd Ed. By W.H. Twennorer. 1950. Pp. 673. Figs. 81..... a 2 
Methods of Study of Scdiments. By W. H. Twennoret and S, A. Tyter. 1941. Pp. 183. Illus.. 4.50 
Sedimentary Rocks. By F. J. Petrijoun. 1949. Pp. 524. Pls. 40... 


. By Henry B. Miner. Reprint of Third edition. 1940. 666 Pp. with 


ant of Letadine ant By V. A. Eyes. 1952. 

Problems of Clay ae Laterite Genesis. By AIME. 1952. Pp. 252. AIME Members........... 4.20 


Nonmembers...... ....... 6.00 
Abrasion Hardness. By Tuomas A. JaGGarR. 1950. Pp. 43. Pl.6. Figs.5. Tables7.......... 2.00 
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By Ropert R. Smrock. 1948. Pp. 507... 


Manua! of Sedimentary Petrography. By KrumBein and 


Micromeritics, The Technology of Fine Particles. 2nd Ed. By Josepm M. Datta Vaite. 1948. 
Pp. 555. Figs. 131 


The Rock Book. By C. L. Fenton and M. A. Fenton. 1940. Pp. 376. 48 pp. Photo. 40 figs... 
Soil. By G. V. Jacks. 1955. Pp. 221. Pis. 10. Figs. 5 

Factors of Soil Formation. By Hans Jenny. 1941. Pp. 281 6x9 Illus... 
A Bibliography on Meteorites. By Harrison Brown, Editor. 


HISTORICAL AND BIOGRAPHICAL 
The Life and Times of Alexander von Humboldt, 1769-1859. By Hetmut De Terra. 1955 
The Birth and Development of the Geological Sciences. By F.D.Apams. 1955. Pp. 511, Illus. 91 
Blazing Alaska’s Trails. By H. Brooks. 


Life ane of R. A. F. Penrose, Jr. By Heten R. Farrsanxs and Caries P. Berery. 
p. 765 


Giants of Geology. By CARROLL AND MILDRED Fenton. 
The Growth of Physical Science. 2nd Ed. By Sir James Jeans. 1951. 
Evolutionary Thought in America. Edited by Stow Persons. 


De Re Metallica. By Grorcrus AGricota. 1950 translation of the 1912 edition from the latin by 
Hersert Hoover and Lou Henry Hoover. Pp. 672 


Universe and Worlds. By Dorotaea WaLgy Sincer. 1950. Pp. 404. 


By Joun F. Pron sed Tomson. 


Journa! of Research into the Geology and Natural 
BeaGiz. 1952. ro 615; pls. 16 (reprint of first 
Powell of the Colorado. By W.C. Darrag. 1951. 


The Bonanza Trail, Ghost Towns and Mining Camps of the West. By Murret Sipeit WoLLE. 
Pp. 476, figs. 108, maps 14 


Elements of Cartography. By ArtHur H. RoBiInson. 
Plane Table Mapping. By J. W. Low. 1951. 


Handbook of Aerial Mapping and Photogrammetry. By L.G.Trorgy 1952. 2nded.rev. Pp. 80 
Manual of Photogrammetry. 2nd Ed. 1952. 
Aerial Photographs and Their Application. By Harotp T. U. Smita. 1943. Pp. 372. Figs. 61.... 


ent By Armin K. Lospecx and W. J. TELLINGTON, 
us. 


TECHNICAL DICTIONARY, TERMINOLOGY, THESAURUS 


German, and Russian. By ALEJANDRO NovitzKy. 


English-French and French-English Techaical FRANCIS 


Dictionary of Scientific Terms. Sth Ed. By Jomn H. KENNETH. 1953.........00-cccceccccecseeces 
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6.00 
12.50 
4.50 
Essentials of Aerial Surveying and Photo Interpretation. By TaLsert Aprams. 1944. Pp. 289. 
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The Russian-English Technical and Chemical Dictionary. By 1947. Pp.794 15.00 
Scientific Russian. By J. W. Peemy. 1951. 
Van Nostrand’s Scientific Encyclopedia. 2nd Ed. 1947. Pp. 
Webster's Geographical Dictionary. 1949. Pp. 1352. 177 maps, 24 color plates..............+.+- 
Pocket Dictionary of Meteorology. By Dr. Kari Kem. 1950. Pp. 604 with numerous Illus....... 


Man’s Nature and Nature’s Man. By Lez R. Dice. 1955. 

Man’s Emerging Mind. By N, J. Bere. 1955. 

Conversation with the Earth. By Hans Cioos. 1953. Pp. 413. Pls. 53. Tables 26............ 
Man, Time and Fossils. By Ruta Moore. 1953. Pp. 411, figs. 71, pla. 62... 
Man and His Physical Universe. By Ricuarp Wistar. 1953. Pp. 488, LIllus. 300 

Guide to Geologic Literature. By M. Peamt. 1951. Pp. 
Pundamentals of Earth Science. By Hunny D. 1947. Pp. 
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